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Abstract
In this thesis, we have explored what information may be gleaned from X-ray observa-
tions of galaxies in dense environments. We use X-ray observations from XMM-Newton
and the Chandra X-ray Observatory, and multi-wavelength ancillary data, to investigate
the X-ray emission of galaxies. First, we study the distribution and properties of the
intragroup di↵use X-ray emission in compact groups (CGs) of galaxies. From a sample
of 19 CGs, we find the morphology of hot gas in low-mass groups is varied, and most sys-
tems have hot gas (if any) associated with only individual members. The galaxy-linked
hot gas is coupled with high star formation rates (SFRs), while only CGs with high
baryonic masses have substantial hot gas linked to the group environment. High-mass
CGs also agree well with the scaling relations between di↵use X-ray luminosity (LX), gas
temperature, and velocity dispersion predicted and observed in galaxy clusters, indicat-
ing that the hot gas in only massive CGs is virialized. We also investigate the relations
between LX , SFR, and stellar mass from individual members of CGs and the infall region
of the nearby Coma galaxy cluster, which is the only environment that has a mid-infrared
galaxy color distribution similar to CGs. The Coma galaxies agree with the scaling rela-
tions between LX , SFR, and stellar mass from the literature within uncertainties, while
the CG members often show an X-ray excess. We also used our multi-wavelength obser-
vations to identify active galaxies in the Coma infall sample and find that the fraction
of active galaxies is similar to the CG environment. From our observations of the di↵use
X-ray emission in CGs, we find it unlikely that the intragroup hot gas is responsible for
the rapid transformation of galaxies from star-forming to quiescent. While the fraction of
nuclear activity in Coma infall and CG galaxies is similar, which may reflect the influence
of multi-galaxy gravitational interactions, the X-ray emission from individual galaxies in
the two environments is also markedly di↵erent.
Keywords: compact groups of galaxies, Coma cluster, di↵use X-rays, galaxy X-ray
emission, active galactic nuclei
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Chapter 1
Introduction
1.1 Groups and Clusters of Galaxies
As the majority of galaxies in the nearby Universe are found within gravitationally bound
systems such as groups (e.g., Tully 1987; Small et al. 1999; Karachentsev 2005), un-
derstanding the physical processes at work in these systems is fundamental to galaxy
formation and evolution, as well as cosmological theory. Systems of galaxies are often
described in terms of their richness, i.e., the number of galaxies that are gravitationally
bound members. The poorest systems, with typically . 50 members having L ⇠ L⇤,
constitute groups, while the richest systems are termed clusters and may contain several
thousand members. The term L⇤ refers to the characteristic luminosity of the Schechter
function, which is a mixed exponential power-law fit to the galaxy luminosity function
with the form  (L) = ( ⇤/L⇤) (L/L⇤)↵ e (L/L⇤), where  (L) is the number of galaxies
per unit luminosity per unit volume,  ⇤ is the power law normalization, and ↵ is the
power law exponent (Schechter 1976). The L⇤ value specifically indicates the luminosity
at which the function turns over from being dominated by a power-law (low luminosity)
to an exponential (high luminosity) term. For comparison, the Milky Way is approxi-
mately an L⇤ galaxy (Binney & Merrifield 1998). We show an example galaxy luminosity
1
2function, with a Schechter function fit, from Blanton et al. (2001) in Figure 1.1. In ad-
dition to the relatively luminous galaxies, examination of luminosity functions in these
systems reveals that they also contain varying numbers of dwarf galaxies (e.g., Sandage
et al. 1985; Binggeli et al. 1988; Zabludo↵ & Mulchaey 1998), with a weak dependence
of the Schechter function turnover on the richness of the system (Hansen et al. 2009).
We emphasize to the reader that the richness criterion for separating groups and clusters
should be regarded carefully, as the richness of systems of galaxies is a continuum, and
a one dimensional distinction such as this does not necessarily separate objects that are
subject to di↵erent physical processes and that exhibit di↵erent characteristics.
As a subclass, compact groups (e.g., Shakhbazyan 1973; Hickson 1982; Barton et al.
1996) are systems in which the galaxies are separated on the sky by typically no more
than a few galaxy radii. This proximity leads to increased probabilities of tidal inter-
actions and subsequent mergers. The sample definitions for these groups vary between
catalogs, however there are two selection criteria that are typical: (1) compactness as de-
fined by an average surface brightness in a specific photometric bandpass and measured
over a defined aperture; and (2) the number of galaxies (& 3) having similar luminosity
(e.g., within 3 mag of the brightest member) and redshifts within some multiple of stan-
dard deviations from the group mean velocity. Hickson Compact Groups (HCGs) are
particularly interesting environments in which to study galaxy evolution and the inter-
action between galaxies and their environment. Not only are the galaxies close together,
but Hickson (1982) also introduced an isolation criterion given by ✓N   3 ✓G. In this
constraint, ✓N is the angular diameter of the largest circle that does not contain non-
members of similar luminosity or brighter, while ✓G is the smallest circle that contains
all of the geometric centers of the member galaxies. Hickson’s other criteria included
N > 4, though recent studies include groups with only N > 3, where N is the number of
accordant galaxies (i.e., galaxies of similar redshift) having Johnson B filter magnitudes
within 3 mag of the brightest galaxy, and µG < 26 mag arcsec
 2, where µG is the average
3Figure 1.1: The luminosity function vs. absolute magnitude of galaxies in the SDSS r-
band adapted from Blanton et al. (2001). The top panel shows the luminosity function,
while the bottom panel shows the number of galaxies in each bin used to determine
the luminosity function. The x-axis has units of magnitudes, while the y-axis has units
of galaxies h3 Mpc 3 mag 1. Note that the values on the x-axis are such that bright
galaxies are to the left and faint galaxies are to the right. The thick black line in the top
panel shows the Schechter function (Schechter 1976) fit to the data. At Mr =  20.06,
the luminosity function transitions from a power-law (faint galaxies) to an exponential
(bright galaxies) function.
4surface brightness measured over ✓G.
Similar in some ways to CGs, fossil groups represent one end stage to galaxy evolution
in the group environment. Fossil groups were defined by Jones et al. (2003) to be groups
in which: (1) the luminosity of di↵use, hot (T⇠106–107 K) gas is LX,bol & 1041.4 erg s 1
(assuming H0 = 70 km s 1, ⌦ = 1, and ⌦⇤ = 0.7); and (2) the di↵erence in magnitude
between the two brightest galaxies within half the virial radius  m12   2 mag in the
Johnson-Cousins R-band. The X-ray criterion ensures that the group is gravitationally
bound, while the optical requirement attempts to select groups where most of the stellar
mass is concentrated in a single galaxy. The authors described the formation of fossil
groups as a result of successive mergers of ⇠L⇤ galaxies in normal groups. The e↵ect
of dynamical friction causes the most massive galaxies to sink to the center of the grav-
itational potential faster than lower mass members. These massive galaxies will merge
on relatively short timescales (a few tenths of a Hubble time, where one Hubble time
is the quantity 1/H0, or approximately 13.8 Gyr). Thus, similar to CGs, most of the
luminous matter in fossil systems is confined to a relatively compact region. We will
revisit the topic of fossil groups as a comparison sample and explore their relation to
compact groups further in Chapters 2 and 3.
With respect to galaxies, the term evolution refers to changes in three di↵erent observ-
ables: the star formation rate history (which manifests itself as changes in the spectral
energy distribution [SED]); the stellar kinematics; and the metallicity, mass-fraction,
distribution, temperature, and phase of the gas. Some of these properties may manifest
themselves in the form of morphological changes (e.g., a spiral becoming a lenticular
galaxy), which reflect well the stellar and gas distributions. The transformation of the
SED due to the star formation rate history can be best understood in terms of a simple
stellar population (SSP). Though high-mass, hot stars are less numerous compared to
their low-mass, cool counterparts, evolved massive stars have low mass-to-light ratios,
which means when present they dominate the emitted optical light. As the SSP ages,
5the high-mass stars exhaust their fuel and end in supernovae, while the low-mass stars
remain on the main sequence for longer than 10 Gyr. This causes the optical/near-
infrared to become relatively more luminous compared to bluer wavelengths (e.g., the
ultraviolet). The use of a single SSP to describe a galaxy is obviously an oversimplifi-
cation, as galaxies are better characterized by continuous and/or multiple, discrete star
formation events over several Gyr (i.e., the history of the star formation rate). Further,
the evolution of high-mass stars as they leave the main sequence and evolve along the
red giant, horizontal, and asymptotic giant branches will have observable e↵ects on the
SED. However, the use of a SSP in this context is adequate to describe the gross changes
observed in galaxy SEDs. The kinematic evolution occurs as spiral galaxies progress from
disk-dominated to bulge-dominated systems. In elliptical galaxies, which are likely the
result of major mergers, the stars have mostly random orbits (though with some small
rotational component), while lenticular galaxies have a dominant bulge component and
a relatively stronger disk (compared with elliptical galaxies) that has a net rotation. See
Kormendy & Bender 2012 for a discussion on the properties and formation mechanisms
of elliptical and lenticular galaxies.
Recently, much work has been done on the study of the evolutionary history of galaxies
in compact groups through a variety of observational tools (e.g., activity in galaxy nuclei,
star cluster populations, galaxy color-magnitude diagrams; Gallagher et al. 2008, 2010;
Konstantopoulos et al. 2010; Fedotov et al. 2011; Konstantopoulos et al. 2011, 2012,
2013; Walker et al. 2013; Tzanavaris et al. 2014). Johnson et al. (2007) reported a gap
in the mid-infrared colors from Spitzer Infrared Array Camera (IRAC) imaging of 12
HCGs containing 45 galaxies, with only two galaxies located in the gap range. This
was subsequently verified and statistically quantified by Walker et al. (2010). Walker
et al. (2012)1 expanded the sample to 49 compact groups from both the HCG catalog
1Walker et al. (2012) changes the nomenclature of the mid-infrared color distribution from “gap” to
“canyon” to more accurately describe this phenomenon as a dearth, rather than a complete absence, of
galaxies in a range of mid-infrared colors.
6Figure 1.2: Left: Mid-infrared color-color diagram of CG galaxies. The black points
show the CG galaxies, the dashed lines show the linear and second-order polynomial
fits to the galaxy colors, and the shaded box shows the position of the mid-infrared
gap from Johnson et al. (2007). Right: Histogram of the mid-infrared colors (CMIR) of
galaxies in the sample of 49 compact groups used in Walker et al. (2012). The values
of CMIR represent a rotated mid-infrared colorspace defined by the curve fit to the CG
galaxies in the left panel. The vertical dotted lines indicate the width of the mid-infrared
canyon. This canyon implies a rapid transformation of galaxies in the compact group
environment from mid-infrared active to mid-infrared quiescent. Adapted from Figures 3
and 4 of Walker et al. (2012).
from Hickson (1982) and the Redshift Survey Compact Group (RSCG) catalog of Barton
et al. (1996). Figure 1.2 shows the mid-infrared canyon from Walker et al. (2012) with
the canyon centered at CMIR ⇡ 0, where CMIR refers to the mid-infrared color in a
rotated colorspace defined by fitting a curve to the CG galaxies on a log10(f8.0 µm/f4.5 µm)
vs. log10(f5.8 µm/f3.6 µm) diagram. Galaxies with mid-infrared colors above the canyon
in Figure 1.2 are brighter at longer wavelengths, which indicates the presence of warm
dust likely heated by star formation, while galaxies with colors below the canyon are
quiescent. Tzanavaris et al. (2010) used Swift Ultraviolet Optical Telescope (UVOT)
near-ultraviolet and Multiband Imaging Photometer for Spitzer (MIPS) 24 µm data,
which sample the emission of young, hot stars that are “naked” and heavily reddened by
dust, respectively, to show that there is an analogous gap in the specific star formation
7rates (SSFR2; i.e., the star formation rate normalized to the stellar mass of the galaxy)
of CG galaxies. Note that the mid-infrared canyon and SSFR gap are specific to compact
groups and only observed in one other environment (the Coma infall region), suggesting
that the compact environment is conducive to the creation of the mid-infrared canyon.
At optical wavelengths, the CMD of galaxies shows two primary distributions: the
“blue-cloud”; and the “red-sequence”. These two groupings refer to actively star-forming,
blue galaxies and quiescent, red galaxies, respectively. Between these lies a third distri-
bution called the “green valley” that contains galaxies with intermediate colors that may
be transitioning from the blue-cloud to the red-sequence as they age and their star for-
mation ceases. The mapping of the mid-infrared colorspace to the optical CMD is not
clear, but a comparison of the mid-infrared canyon and SSFR gap reported by Johnson
et al. (2007), Walker et al. (2010, 2012), and Tzanavaris et al. (2010) indicates that
the galaxies with low specific star formation rates (SSFR . 10 11 M  yr 1) have bluer
mid-infrared colors (i.e., to the left of the canyon in Figure 1.2), while those with large
rates (SSFR & 10 10 M  yr 1) have redder mid-infrared colors (Lenkic´ et al., in prep).
Walker et al. (2013) found that the mid-infrared canyon galaxies correspond to optical
red sequence galaxies, whereas they had been previously hypothesized to be in the optical
green valley (Walker et al. 2012). The authors argue that the mid-infrared canyon may
then indicate that the CG environment may be inhospitable to low-mass galaxies with
moderate star formation. The authors conclude that the CG environment appears to
enhance or end star formation in galaxies, but that moderate levels of star formation are
rare. What remains a mystery is which processes are at work in CGs that cause these
e↵ects, and if those processes are in some way dependent on other properties of the CG
environments (e.g., mass, interaction history, the presence of a hot intragroup medium).
The first two-thirds of this thesis presented in Chapters 2 and 3 concerns the mass-
2Throughout this work, the notation for specific star formation rate changes between SSFR and
sSFR in di↵erent chapters, though is used consistently within each individual chapter. Despite changes
in notation, these abbreviations refer to the same quantity.
8fraction, distribution, temperature, and phase of the gas in the group environment. While
important, we do not include the X-ray gas metallicity as it is quite complex and merits
a comprehensive study on its own. Specifically, we examine the hot, X-ray emitting,
intragroup/intracluster medium (IGM/ICM3) gas in groups and clusters of galaxies. The
last third of this thesis (Chapter 4) discusses in more detail the relationships between
star formation, stellar mass, and the X-ray emission from individual galaxies in dense
environments, including the presence of actively accreting supermassive black holes in
galaxy nuclei.
Prior to presenting our work and results in subsequent chapters, we first discuss in
the remaining sections of this chapter the physics underlying intragroup gas, including
gas heating and cooling, and an overview of gas in molecular, neutral atomic, and ionized
states. This is followed by a discussion of observations of gas in compact galaxy groups.
Particular emphasis is placed on the implications of intragroup gas with respect to galaxy
evolution. We then briefly introduce the concept of accretion onto compact objects, i.e.,
X-ray binaries (XRBs) and active galactic nuclei (AGN), to acquaint the reader with
these topics prior to the discussion of these phenomena in Chapter 4.
1.2 Theoretical Overview of Gas in Systems of Galax-
ies
The gas in galaxies plays a pivotal role in their evolution, mostly as fuel for star formation
in the case of cold molecular gas. The quantity and distribution of cold gas dictates how
much and where star formation will occur. Similarly, the cool, atomic H i gas has an
important role in star formation as it can be transformed into molecular gas when the
gas density is high (and where there is interstellar dust). Finally, the hot gas traced by
3IGM in this context should not be confused with the intergalactic medium, i.e., the low-density
matter found far from galaxies and their environments. In this work, we use the term IGM to describe
only the intragroup medium.
9X-ray emission, for the moment, has been removed from the star forming process until
cooling mechanisms lower the gas temperature. Clearly, the role of gas in galaxies is
critical, and thus we discuss the gas properties that are important to galaxy evolution in
this section.
In addition to the e↵ects that gas temperature and phase have on galaxy evolution,
hot, ionized gas in intragroup/intracluster media is important in terms of cosmological
theory. Cosmological hydrodynamical simulations of clusters using dark energy and cold
dark matter (⇤CDM) have found that the fraction of baryons in stars may be as little as
20% (Borgani et al. 2004), while observations suggest a value closer to 10% (e.g., Balogh
et al. 2001; Lin et al. 2003). This raises the question: where are the missing baryons?
As we have discussed previously, numerous gravitational encounters have the potential
to liberate large quantities of gas from the galaxies and deposit it into the extragalactic
space. Due to the large dynamical masses of clusters (⇠1015 M ), we expect that the
virial temperatures of these systems are quite high, while the temperatures of groups
(⇠1012 M ) are somewhat lower compared to richer systems. Therefore, a significant
amount of mass in clusters, and to a lesser extent in groups, may be in the form of a
hot medium that pervades the space between galaxies. This is important because to
accurately determine the cosmological parameter ⌦, and hence the ratio of the observed
total density (⌦ = ⌦BM + ⌦DM + ⌦⇤, where the subscripts BM, DM, and ⇤ refer
to baryonic matter, dark matter, and dark energy respectively) to the critical density of
the Universe, we must account for all of the baryonic matter. Due to the expected high
virial temperature of the intragroup/intracluster gas, we require X-ray observations to
accurately characterize it (see Section 1.3.4).
1.2.1 Mass-Fraction and Distribution
We first consider the mass-fraction of gas in galaxies and their surrounding environments,
as well as the distribution of the gas, and the consequences for galaxy evolution. We group
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the mass-fraction and distribution together because of how dependent these parameters
are on each other in terms of both galaxy evolution and gas processing.
Large reservoirs of gas exist within galaxies, and that gas may be transferred into
the IGM/ICM. Elliptical and lenticular (E/S0) galaxies have relatively little cool gas
compared to spiral and irregular types (Blanton & Moustakas 2009). Specifically, spiral
and elliptical galaxies have been observed to have 10–20% and . 1% of their baryons in
cool and cold gas phases, respectively (Knapp et al. 1985; Read & Trentham 2005). In
tidal encounters involving one or more cold gas-rich galaxies, we can expect that some of
the gas, in addition to stellar mass, will be ejected into extragalactic space. Regarding
the consequences in terms of galaxy evolution, this release of gas is important because
it limits the amount of fuel available for future star formation events within the confines
of the galaxies. If enough angular momentum is lost to the tidal interaction, gas may
also be funneled into the nucleus of the galaxy triggering nuclear star formation and/or
accretion onto the supermassive black hole located there.
In addition to the loss of gaseous material in tidal encounters, the gas mass inside the
galaxies is depleted over time due to its consumption in star formation. Evolved, low-
mass stars return material to the interstellar medium through winds; however, stars with
masses M . 0.87 M  stay on the main sequence for longer than a Hubble time4. The
number of low-mass stars formed in a given star formation event as described by the initial
mass function (i.e., the frequency distribution of stellar masses formed from a collapsing
cloud of star-forming material) is far greater compared to high-mass stars (e.g., Salpeter
1955; Miller & Scalo 1979; Kroupa 2001), therefore the bulk of gas consumed in star
formation may be considered e↵ectively removed from the system. The e↵ect of star
formation on the depletion of gas reservoirs is likely only important over the lifetimes
of most galaxies (excepting, e.g., starbursts). The ways in which star formation a↵ect
galaxy evolution may be better understood in terms of the SSFR. The SSFR has units of
4This comes from the relation ⌧ms ⇡ 1010 (M/M ) 2.5 years, where ⌧ms is the main sequence (i.e.,
hydrogen-burning) lifetime of the star.
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inverse time, and is thus related to a characteristic timescale of star formation. Typical
sSFRs are ⇠ 10 10 yr 1 (Brinchmann et al. 2004), thus the buildup of long-lived stellar
populations in galaxies happens on timescales of 1010 years.
Finally, while gas mass loss is clearly prevalent in galaxies from our discussion thus
far, external gas may also be accreted onto galaxies from the surrounding circumgalactic
medium and onto groups/clusters from the intergalactic medium (e.g., Keresˇ et al. 2005
and Gunn & Gott 1972, respectively). This gas may be either cold or hot (i.e., neutral
or ionized), but in either case it leads to growth of the system. In galaxies, this gas may
subsequently be cooled and used in the production of new stars, while in groups/clusters
this gas is likely trapped in the potential well of the system and heated (see the discussion
on virialization in Section 1.2.2).
1.2.2 Temperature and Phase
As previously stated, the temperature and, by extension, the phase of the gas are also
important in the context of evolution. Gas may be both heated and cooled, within and
outside of the galaxies, by several di↵erent processes. We begin by broadly discussing
heating mechanisms, followed by cooling mechanisms, and then discuss the implications
of the gas temperature and phase on galaxy evolution.
Heating
The primary means through which gas is heated outside of galaxies is virialization. This
mechanism is described by the virial theorem, which states that in a gravitationally
bound system in equilibrium
  2hKi = hUi, (1.1)
where the terms hKi and hUi refer to the time-averaged kinetic and potential energies,
respectively. While this applies to any system of particles (e.g., galaxies in a group or
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stars in a globular cluster), when we consider a system of gas particles, we note that the
characteristic temperature of the system can be described using the relation
  1
2
hUi = hKi = 3
2
kTvirial, (1.2)
where k is the Stefan-Boltzmann constant and Tvirial is the virial temperature. The
potential energy indicated is dictated by the mass distribution of the system. Note that
this applies to any system of bound particles, therefore galaxies may virialize the gas
surrounding them with their own potential, in addition to heating by the group or cluster.
Clearly, the larger hUi becomes, the hotter the gas will be under ideal conditions. The
application of the virial theorem to observations is useful because it allows us to calculate
the mass of the X-ray emitting gas in galaxy clusters and groups from the temperature
and light distributions of the X-rays (if the assumptions of equilibrium and spherical
symmetry are valid and the signal-to-noise ratio of the X-ray observations is su ciently
high).
In addition to virialization, gas both inside and outside of galaxies may be heated by
shocks. Inside of galaxies, the shocks from supernovae may heat gas to temperatures of
⇠106   107 keV (cf. the Local Bubble; Cox & Reynolds 1987). These supernovae may
eject gas along a path perpendicular to the plane of the galaxy in a phenomenon similar to
a galactic fountain. If ejected with enough energy, the gas may escape the potential well
of the galaxy. This e↵ect is illustrated using the example of M82, a starbursting galaxy
in the M81 group. Seen in Figure 1.3, the intense star formation (⇠10 M  yr 1; Barker
et al. 2008) in a relatively low-mass galaxy has lead to an abundance of supernovae in the
nuclear region of the galaxy with a rate of ⇠0.1 yr 1 (Bartel et al. 1987; McLeod et al.
1993). Referred to as a galactic superwind, the hot gas can be seen to large distances
from the plane of M82 (Strickland et al. 1997 and references therein).
Shocks can also heat extragalactic gas via density waves (e.g., McNamara et al. 2005).
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Figure 1.3: Multiwavelength image of M82, where blue represents X-rays, green and
orange colors are optical light, and red is mid-infrared light imaged with the Chandra
X-ray Observatory, Hubble Space Telescope, and Spitzer Space Telescope, respectively.
Notice the large plumes of hot gas that lie perpendicular to the semi-major axis of the
galaxy. This hot gas has been expelled by numerous supernovae due to enhanced star
formation within the disk (see Suchkov et al. 1996 for a full discussion). Image credit: X-
ray: NASA/CXC/JHU/D.Strickland; Optical: NASA/ESA/STScI/AURA/The Hubble
Heritage Team; IR: NASA/JPL-Caltech/Univ. of AZ/C. Engelbracht.
In this scenario, gas in clusters and groups is heated by the motions of the galaxies them-
selves. Unlike virialization, which is related to the kinematics of the galaxies as a result
of the total system mass, shock heating of gas relies on galaxies moving supersonically
through gas in the surrounding medium. The rapid compression of the gas heats it to
much higher temperatures and likely ionizes it (though it may not dissociate molecular
gas; see, e.g., Cluver et al. 2013).
Finally, an additional mechanism to heat gas inside galaxies and in their surrounding
environment is photoionization. One method for this type of heating is the presence of
an active galactic nucleus (AGN). High-energy photons from the accretion of gas onto
a supermassive black hole stream out from the galaxy nucleus, typically in a biconical
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geometry, and ionize the surrounding gas (in particular, this refers to the narrow line
region, which may extend many kpc from the nucleus; Koski 1978; Ogle et al. 2000).
Depending on the geometry of the AGN/host galaxy, the ionizing radiation may a↵ect
the host galaxy itself, or the gas in the circumgalactic medium. As AGNs tend to be
rare in groups, and those that are present are quite weak (e.g., Del Olmo et al. 2010;
Mart´ınez et al. 2010; Tzanavaris et al. 2014), we do not include gas heated by AGNs in
our observational discussion. In addition, the ultraviolet light from young, massive stars
will ionize any surrounding neutral gas. We refer the reader to Section 1.3.3 for a full
discussion of this e↵ect.
Cooling
As energy is radiated away, hot gas becomes cooler. If the gas temperature is in excess of
⇠106 K, as is the focus of the thesis, and the gas is optically thin (i.e., radiation is allowed
to escape the gas with minimal absorption), then the primary means through which
energy is lost is bremsstrahlung radiation, also called free-free emission. Bremsstrahlung
radiation occurs when a free, charged particle (usually an electron) accelerates due to the
electromagnetic force exerted on it by another particle. The kinetic energy lost by the
particle in the encounter is radiated away. In the case of a hot plasma, bremsstrahlung
radiation is the result of encounters between free electrons and ions. As can be seen
in Equation 1.2, the average kinetic energy of the particles in the plasma is directly
proportional to the temperature of the gas. Therefore, repeated encounters between free
electrons and ions reduce the average kinetic energy of the system through radiation and
result in cooling. In general, the rate at which this cooling occurs per unit volume can
be represented as
rcool = n
2⇤(T ), (1.3)
where n is the particle density and ⇤(T ) is the cooling e ciency with units erg cm3 s 1.
Thus, the cooling rate has units of erg cm 3 s 1. The n2 dependence signifies the inter-
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action between free particles in the gas. In principle, we can determine the time required
for a hot plasma to cool by equating the product of the cooling rate, volume of the gas,
and cooling time with the total kinetic energy of the gas. Seward & Charles (2010)
approximate this time, assuming only bremsstrahlung radiation, as
tcool ⇡ (2.5⇥ 107)n 1 (kT )1/2 , (1.4)
where tcool is in units of years.
In addition to bremsstrahlung radiation, cooling may also occur due to line, or bound-
bound, emission. The relative importance of line emission in radiative cooling depends
upon the temperature and chemical makeup of the gas. As can be seen in Figure 1.4, the
relative importance of line emission in cooling is negligible compared to bremsstrahlung
radiation until T . 106 K. In hot gas, iron is the primary element responsible for line cool-
ing. In particular, semi-forbidden transitions in highly ionized species such as Fe XVIII
and Fe XIX emit at X-ray wavelengths (Raymond et al. 1976).
The Importance of Gas Temperature and Phase
The existence and properties of gas both inside and outside of galaxies are important
when considering the evolution of galaxies. We remind the reader that molecular gas
is the fuel for star formation. As the gas is converted into other phases (e.g., warm
ionized) by various processes, the loss of molecular gas quenches star formation. It is for
this reason that elliptical galaxies have very low star formation rates, as most of the gas
exists in a hot, ionized halo surrounding the galaxy. If this gas could be cooled e↵ectively,
then it would return to a neutral atomic state and potentially aid in the formation of
new generations of stars.
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Figure 1.4: The cooling e ciency ⇤ as a function of temperature. The short-dash, long-
dash, short-long-dash, and solid lines represent the semi-forbidden line, forbidden line,
bremsstrahlung, and total cooling e ciencies. Note that at temperatures above ⇠106 K,
bremsstrahlung radiation becomes the dominant cooling mechanism. Figure adapted
from Raymond et al. (1976).
1.2.3 The E↵ects of Environment on Galaxy Evolution
Galaxies residing in high galaxy density environments are expected to experience pro-
cesses leading to “strangulation”, i.e., the rapid depletion of the cold gas supply in
gas-rich galaxies. This depletion may occur through two primary processes: (1) colli-
sions/harassment; and (2) stripping. Galaxy harassment, or frequent tidal interactions
between galaxies, enhances star formation and causes the gas to be transformed into
stellar mass; collisions have a similar e↵ect. During the interactions, some mass may also
be ejected into the space between the galaxies.
While harassment and collisions are fundamentally N -body problems, the primary
form of gas stripping in high density environments is ram-pressure stripping, which is
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an e↵ect caused by the motion of a galaxy through a gaseous medium. Prior to X-
ray observations, Gunn & Gott (1972) hypothesized the existence of a hot intracluster
medium in the Coma galaxy cluster and described the e↵ects of ram-pressure stripping.
The pressure felt by a galaxy moving through a gaseous medium is described as
P = ⇢v2gal, (1.5)
where P is the pressure exerted on the galaxy, ⇢ is the density of the hot gas between
galaxies, and vgal is the velocity of the galaxy relative to the medium that is acting upon
it.
In both cases of harassment and stripping, it is clear that the environments of galaxies
can have profound e↵ects on their evolution. Furthermore, neither process is independent
of the other, and both may be necessary to explain the evolution of galaxies in dense
environments. We will return to the importance of ram-pressure stripping in Chapter 5.
1.3 Observations of Extragalactic Gas in Compact
Galaxy Groups
Due to the di↵ering observational methods used to study gas, we group the information
presented in this section into four subsections according to phase: cold, molecular gas;
cool, atomic H i gas; warm, ionized gas; and hot, ionized X-ray gas. We also include, in
some instances, comparisons to clusters, normal groups, and field galaxies, which have
been more extensively observed, to give context to the observational studies of compact
galaxy groups. As the focus of this thesis concerns X-ray observations of galaxy groups,
we will cover the X-ray observations in greater depth relative to the other gas phases, and
it is important to review the other phases for reference in understanding the observed
X-ray emission and putting it into context.
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1.3.1 Molecular Gas
Molecular gas forms in high density, cold environments and is largely associated with
dust grains. The surfaces of these grains are the formation sites of H2, which is the
most abundant molecule in the interstellar medium. Molecular gas is important in the
evolution of galaxies because it is within giant molecular clouds that stars are formed.
The dense, cold environment of these clouds is required for the gravitational collapse
of significant masses (105   106 M ) of star-forming material while also shielding the
proto-stellar environment from disruption by, e.g., high-energy cosmic rays (Shu et al.
1987).
In studying molecular gas, we wish to examine H2 due to its prevalence, however we
typically use carbon monoxide (primarily the isomer 12CO, hereafter abbreviated CO)
emission as a proxy for H2. This is because the absorption and emission lines of H2 are
not evident at the temperatures typical of cold (T ⇠ 10 K) interstellar gas5, i.e., star-
forming regions, and the abundance of CO relative to H2 is quite high (Shu et al. 1987).
When studying these CO spectral features, we use the rotational transitions wherein the
quantum mechanical total angular momentum J is changed (e.g., J = 1! 0, abbreviated
as 1-0 in parentheses). The relative abundance of CO in di↵erent rotational states is
dictated by the number of collisions between molecules, and is therefore a function of the
density and temperature of the gas. For example, in giant molecular clouds (GMCs; the
coldest, densest phase of the ISM) the strongest emission typically seen is CO (1-0).
When observing in the radio/sub-millimeter portion of the electromagnetic spectrum,
single-dish data have the advantage of measuring the total flux within the beam down
to a limiting noise level and across a range of velocities, though the data lack spatial
information. Conversely, interferometric observations have the chief advantage describing
the spatial distribution of the cool gas; however, signal from di↵use gas that subtends a
5Warm H2 at temperatures of 102   103 K does have transitions in the mid-IR, though this is
considerably hotter than the temperatures of the ISM where molecular gas is typically found.
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large enough angle will be lost. The loss of spatially extended flux occurs because the
separate dishes can be thought of as one larger diameter dish to achieve high spatial
resolution, though the e↵ectively larger dish has holes in it that may miss some of the
emission. Therefore, the complete study of cold gas requires both types of observations
(McLean 2008; Condon & Ransom 2010).
Verdes-Montenegro et al. (1998) used the single-dish National Radio Astronomy Ob-
servatory (NRAO) 12 m telescope to study the CO (1-0) emission in a sample of 80
galaxies located in HCGs. The beam size was such that only individual galaxies were
included in the measurements, rather than the group environment as a whole. There-
fore, the authors could parse the locations of the CO emission down to the level of the
individual group members. The authors found that 20% of spiral galaxies in their HCGs
were CO deficient compared to isolated field galaxies, however most galaxies were found
to be consistent with isolated, Virgo Cluster, and weakly interacting galaxy comparison
samples. Verdes-Montenegro et al. (1998) also found 5 out of 24 E/S0 galaxies in their
sample with strong CO emission indicative of H2 masses of (1.2   24.8) ⇥ 108 M . The
authors conjecture that the deficiency of CO in some CG spirals combined with the CO
enhancement of E/S0 galaxies is evidence for tidal stripping of molecular gas from gas-
rich galaxies. They point to the example of the HCG 90 galaxies B, C, and D, which
are a pair of evolved E/S0 galaxies interacting with a gas-rich irregular galaxy. The
system shows signs of strong tidal disruptions including a bright, di↵use, intragroup light
component due to stripped stars (Longo et al. 1994; White et al. 2003). Huchtmeier &
Tammann (1992) studied the CO emission in this system and found that a large mass
(1.21⇥ 109 M ) of H2 is associated with the elliptical galaxy 90B.
Yun et al. (1997) reported on the CO (1-0) emission observed in HCGs 31 and 92
by the Owens Valley Radio Observatory (OVRO) interferometer. Both of these present
interesting systems in which to study gas dynamics as they are currently undergoing
strong gravitational interactions — a major merger in HCG 31 (e.g., Amram et al. 2004)
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(a)
(b)
Figure 1.5: CO (1-0) contour maps of (a) HCG 31 superimposed on a Johnson V -band
image with contours of –3, –2, +2, +3, and +4 times the rms noise and (b) HCG 92C
superimposed on a Palomar 5 m telescope optical image with 15% linear contours. In
both images, the crosses represent the locations of the galaxy nuclei, while the box in the
lower left corner shows the size of the synthesized beam. In (a), the channel velocities of
the maps are indicated in the top right, and the galaxies are labeled using the convention
of Hickson (1982) (beginning with galaxy A in decreasing order of brightness). Note that
HCG 31D is a discordant background galaxy. Adapted from Figures 3 and 4 of Yun et al.
(1997).
and evidence of strong tidal disruptions over the past ⇠200 to 400 Myr in HCG 92 (also
known as “Stephan’s Quintet”; e.g., Fedotov et al. 2011). In HCG 31, the authors find
21
faint, barely resolved CO emission in the overlap region between galaxies A and C (the
major merger in progress; see the right panel in Figure 1.5a) that is coincident with the
peak of the far-IR emission in the group indicating that this complex is associated with a
site of ongoing massive star formation. The emission detected is only 70% of the single-
dish measurement made with the NRAO 12 m telescope by Verdes-Montenegro et al.
(1998), and amounts to 2.9⇥108 M  in the A+C merger with a potential additional mass
of ⇠108 M  detected in galaxy B. The authors note that the significant di↵erence between
the single-dish and interferometric flux measurements may be due to CO emission that
is larger than the maximum angular size detectable by the OVRO (4500), therefore there
may be a large di↵use molecular gas structure present. Indeed, the H i envelope of
HCG 31 is di↵use and large (Verdes-Montenegro et al. 2001), which supports the idea of
extended molecular gas.
In HCG 92, Yun et al. (1997) found that all of the detected CO emission came from
galaxy C (62% of the single-dish flux; Verdes-Montenegro et al. 1998) with a mass of
8.6⇥108 M . The vast majority of the emission comes from a single, elongated structure
(4.7 kpc long and .2 kpc wide) ⇠8 kpc north of the galaxy C nucleus. A second, smaller
complex lies 2 kpc south of the nucleus with 1.4 ⇥ 108 M  of H2. The authors note
that there are smaller CO features detected, but not resolved, which individually have
masses (2  5)⇥ 107 M . Furthermore, no CO emission is found in the interacting pair
in HCG 92, which is contrary to other examples of interacting galaxies (e.g. Combes
et al. 1994), though luminous molecular hydrogen is observed in the infrared in the shock
region (Appleton et al. 2006; Cluver et al. 2010).
The mass of the cold molecular gas reservoir in a system is clearly important because
it signifies the amount of material available for future star formation. In CG galaxies
in particular, we see that the strong tidal interactions associated with their environment
can transport this cold gas to locations where it may otherwise not typically be found
(e.g., in elliptical galaxies). Therefore, studying the location of the molecular gas in CGs
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gives insight into the e↵ect of multiple gravitational interactions on the redistribution of
gas. Furthermore, as massive molecular complexes like the ones discussed in the cases of
HCGs 31 and 92 are the sites of future star formation, mapping the CO (and hence H2)
gas helps us to understand how the gas will be processed in forming the next generation
of stars.
1.3.2 H i Gas
To measure the amount of cool, atomic gas (H i) in a system, we observe emission at the
21 cm line. The 21 cm line is a forbidden line (i.e., a relatively low probability transition
compared to allowed lines that violates the quantum mechanical selection rules governing
spectra) that occurs due to the change in alignment of the quantum mechanical spins
of the electron and proton in the hydrogen atom. The spins are initially parallel in a
higher energy configuration before the spin of one of the particles flips such that the pair
are anti-parallel. The di↵erence in energy between these two configurations corresponds
to emission at 21 cm. As previously mentioned, the H i 21 cm line is forbidden, and
the probability of such a spin flip occurring is quite low with an Einstein coe cient
A21 = 2.876⇥10 15 s 1 (or one hydrogen atom emitting a 21 cm photon every ⇠108 years;
e.g., Cox 2000). One might expect this transition to be quite rare, however the sheer
number of neutral hydrogen atoms in astrophysical environments makes it possible to
observe this e↵ect. Furthermore, increased density of H i leads to an increased probability
in the production of 21 cm photons due to collisional excitation.
The first comprehensive study of cool, atomic hydrogen gas in HCGs was performed
by Verdes-Montenegro et al. (2001). The authors used single-dish data from the Arecibo
and Green Bank (GBT) radio telescopes, in addition to the 100 m E↵elsberg antenna,
that encompassed 72 of the 96 true groups in the Hickson (1982) catalog. In addition,
the authors included Very Large Array (VLA) interferometric maps of the H i emission
in a subset of 16 HCGs. Verdes-Montenegro et al. (2001) found that, when compared to
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Figure 1.6: VLA H i contours (blue) superimposed on optical images of (a) HCG 7 with
arbitrary contours (image credit: Amanda Heiderman); (b) HCG 26 with contour levels
of 12, 18, 25, 35, 50, 71, 90, and 100% of 0.3 Jy/beam (Price et al. 2000); and (c) HCG 92
with contour levels of (5⇥ 1019 cm 2) ⇥ 2n (Hibbard et al. 2001). HCG 7 is an example
of a group where the cool gas is mostly confined to the galaxies, while HCGs 26 and 92
have large amounts of intragroup H i.
field galaxies of similar morphology and scaled for luminosity using prescriptions from
Haynes & Giovanelli (1984), the HCG galaxies were deficient in H i. In the most extreme
cases, the authors found that HCG 30 was missing 97% of its cool, atomic hydrogen,
while the individual galaxies HCG 92B and 92D were missing 99% of the H i gas. Of
all HCGs sampled excluding those with no spiral members (48 groups), the mean H i
deficiency6 is 0.62± 0.09. The authors note that repeated gravitational encounters may
have funneled the cool gas to the galaxy centers enhancing the amount of H2, however
6The H i deficiency is defined in Verdes-Montenegro et al. (2001) as DefH I = log [MH I,pred]  
log [MH I,obs], where the predicted H i mass is based upon the morphologies and optical luminosities of
the individual group members.
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examination of the CO emission (see Section 1.3.1) suggests that this is not the case.
Recently, Borthakur et al. (2010) presented updated results of a GBT H i survey of
22 HCGs. The authors found that their masses mostly agreed with those presented by
Verdes-Montenegro et al. (2001). Where the masses disagreed with previous estimates,
the authors attributed smaller H i masses to the large angular extent of the H i and
the di↵erences in the beam size (10.08 and 9.01 for Verdes-Montenegro et al. 2001 and
Borthakur et al. 2010, respectively) and larger H i masses to the increased sensitivity in
the new data. The new measurements revealed that HCGs are not as H i deficient as had
been previously reported, however they are still not consistent with field galaxies. By
comparing their GBT single-dish measurements with the VLA interferometry, Borthakur
et al. (2010) also hypothesize that the missing flux in the VLA data (see discussion in
Section 1.3.1 concerning single-dish and interferometry observations) is likely in the form
of a faint, di↵use intragroup medium that is undetectable by the VLA in the configura-
tions used in the study. Furthermore, the authors argue that tidally stripped cool gas
will not survive in the hot IGM for longer than approximately 400 Myr unless the size
of the H i cloud is   200 pc in radius. The presence of cool gas in the IGM therefore
implies a temperature of T < 4⇥ 106 K.
Thus far, we have focussed on the abundance of H i gas in CGs, however the distri-
bution is also important in a discussion of gas processing. Figure 1.6 shows VLA maps
of the 21 cm line emission in several HCGs. From the figure, we see that the groups
may be classified into two subcategories: (1) those with H i mostly confined to the galax-
ies; and (2) groups with large amounts of extragalactic H i gas (Konstantopoulos et al.
2011). In the context of galaxy evolution, gas processing, and evolution of the group
environment itself, the distribution of the H i gas is important because, as we have seen
in Sections 1.2.3 and 1.3.1, the stripping of cool gas from galaxy disks can quench current
star formation and inhibit any future star formation that may have otherwise occurred.
Additionally, the neutral gas in the IGM serves as fuel for the buildup of a hot, X-ray
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Figure 1.7: Image of HCG 31 that shows stellar continuum (green) and H↵ (orange)
emission. The group members are labeled according to Hickson (1982), including the new
tidal dwarf candidate galaxies E and F, while the vectors in the upper left indicate North
(up) and East (left). Note that the bulk of star formation within the group is centered
on the interface between galaxies A and C. Galaxy F is almost entirely dominated by
ongoing star formation, while young stars in galaxy G are being created mostly along
the NW edge of the galaxy nearest the A+C merger. Adapted from Figure 4 of Johnson
& Conti (2000).
medium (see Section 1.3.4).
1.3.3 Warm Gas
The light from young, hot stars contains a substantial flux of ionizing photons, i.e., those
with wavelengths shorter than 912 A˚ (E > 13.6 eV), that can ionize hydrogen atoms
in the ground state. This is important for gas processing due to the late stages of star
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formation because young, pre-main sequence stars are enshrouded within the clouds of
gas and dust in which they formed. First, the radiation from the protostar sublimates
the dust grains and dissociates the surrounding molecular gas leading to the creation of
an atomic hydrogen (H i) cloud. Once the star enters the main sequence phase of its
evolution (i.e., it begins fusing hydrogen into helium inside of its core), the ionization
rate of the gas due to high-energy photons surrounding the young star is balanced by the
recombination rate of free electrons and protons. The resulting cloud of ionized hydrogen
is referred to in theory as a Stro¨mgren sphere, while in practice is termed an H ii region.
When the free electrons and protons recombine, the electrons do not immediately fall
down to the electronic ground state, but rather cascade down and emit a series of photons
in the process. The brightest emission line associated with this process is the H↵ line
(i.e, the transition that occurs when the electron falls from the n = 3 to n = 2 state) at
6562 A˚ in the optical part of the spectrum (Kennicutt 1998).
The light from a single O6 spectral-type star can ionize the surrounding hydrogen
out to a radius of several parsecs, but these luminous, young stars are not found in such
isolation. Rather, stars form in open clusters, and the dynamical timescale for cluster
dissociation (t ⇠ 107   109 yr; e.g., Boutloukos & Lamers 2003) is longer than the main
sequence lifetimes of O- and B-type stars (t ⇠ 106   108 yr), that have su ciently hot
temperatures to produce a significant flux of ionizing ultraviolet photons. Therefore, we
expect that groups of O and B stars (OB associations) ionize the gas around young star
clusters. Because the main sequence lifetimes of these stars are short, H↵ emission traces
current star formation7. The H↵ flux due to star formation can be converted to a star
formation rate using standard relations (Kennicutt 1998, and references therein), though
Ly↵ is also emitted.
As yet, there has been no comprehensive examination of H↵ emission in a large sample
of CGs; however, there have been several studies of individual CGs. Iglesias-Paramo &
7This is in contrast to other indicators, e.g., ultraviolet light from young stars that is used to study
recent star formation.
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Vilchez (1997) and Johnson & Conti (2000) studied on-going star formation in HCG 31,
which we have previously discussed as a group that is currently undergoing strong tidal
interactions and a major merger (see Section 1.3.1). Figure 1.7 shows the H↵ and stellar
continuum image of the group. The authors of both studies found that the star formation
in HCG 31 appears to have begun simultaneously throughout the group, with Johnson &
Conti (2000) estimating that it began ⇠5 Myr ago. Interestingly, a shock would require
800 Myr to propagate through the group, therefore the authors rule this out as the
mechanism that started the star formation episode that currently su↵uses the group.
Werk et al. (2010) present H↵ observations of HCG 16 from the National Optical
Astronomy Observatory (NOAO) Survey for Ionization in Neutral Gas Galaxies (SINGG;
Meurer et al. 2006) as part of a study in the outlying H ii regions of H i-rich galaxies.
The authors found two extragalactic, spatially unresolved emission-line “dots” in the
system, one near a tidal tail to the NW of HCG 16A, and the other not located near
any galaxy associated with the group8, while a third source lied much farther south of
the group center. All three sources are within the large H i envelope reported by Verdes-
Montenegro et al. (2001). The authors suggest that, due to the large distance to HCG 16
(⇠54 Mpc), these sources are likely not single star clusters, but massive complexes or
emerging dwarf galaxies.
While clearly not a large-scale mechanism for gas processing except in heavily star-
forming environments, ionization of cool gas by star formation to form H ii regions is
an important phase change. The gas quickly changes from cold and molecular to atomic
and neutral, and finally to warm and ionized over relatively short timescales. In some
CGs, strong tidal interactions can induce star formation, as can be seen in the example
of HCG 31, and may quickly deplete these systems of their H2 gas.
8The source is likely bound to the group since it is still within several hundred kpc of the group
center and, by virtue of narrow-band imaging, it is known to be at approximately the same redshift as
the group average. Spectroscopic followup has confirmed that this is at the same redshift (Werk et al.
2010).
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1.3.4 Hot Gas
The first systems of galaxies to be extensively studied in X-rays were clusters due to their
bright X-ray luminosities and large angular extents. Early X-ray cluster observations
raised the question: how much mass is tied up in the hot, ionized gas? Futhermore, how
does the hot IGM originate and at what stage in the evolution of both the environment
and the galaxies does it form? Because groups represent the locations of most galaxies in
the Local Universe (e.g., Tully 1987; Small et al. 1999; Karachentsev 2005), and infalling
groups at higher redshifts are thought to be the origin of clusters in the current epoch
(e.g., Gonzalez et al. 2005; Kautsch et al. 2008; Tran et al. 2008), questions concerning
clusters were extended to low-mass groups as well. Due to the previously mentioned
increased probability of tidal encounters in CGs, wherein large quantities of gas may
be liberated from the galaxies and deposited into the IGM, these systems present ideal
environments in which to study the buildup of a hot, X-ray IGM through the processing
of cooler gas.
X-ray charge-coupled devices (CCDs; e.g., ROSAT Position Sensitive Proportional
Counter [PSPC], Chandra Advanced CCD Imaging Spectrometer [ACIS], XMM-Newton
European Imaging Photon Camera [EPIC]) function as imaging spectrometers9, i.e., they
record the position, time of impact, and energy of each incoming photon, and can do so
over relatively large fields of view compared to optical/infrared integral field spectrom-
eters (300 diameter in the case of EPIC). The energy of each incoming photon is known
because, unlike in optical CCDs, the incoming photon has enough energy to remove mul-
tiple electrons from the silicon layer in the CCD by means of the photoelectric e↵ect.
Because the CCD records photon events by counting the electrons removed from the
silicon layer, two photons of relatively low energy can easily be mistaken for a single
photon of higher energy (termed “pile-up”; McLean 2008). To prevent this e↵ect, X-ray
9The spectral resolution of X-ray CCDs on their own is relatively low, e.g., the energy resolution
E/dE is ⇠95 at the ACIS S3 CCD aimpoint measured using the 1.49 keV aluminum K-↵ emission line.
The addition of di↵raction gratings can increase this to ⇠1000 for this particular instrument.
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(a) (b)
Figure 1.8: The X-ray scaling relations (a) LX   and (b) LX T for hot, bremsstrahlung
continuum dominated gas in galaxy groups and clusters. The group data (filled black
circles) come from Helsdon & Ponman (2000) and Xue & Wu (2000), while the clusters
(filled black triangles) are taken from Wu et al. (1999). The solid line indicates the best
fit to the cluster data from (Wu et al. 1999) (LX / T 2.72±0.05 /  5.24±0.29, both of which
are slightly steeper than the expected values of LX / T 2 /  4). Note that the lower
temperature and lower velocity dispersion groups mostly agree with the LX    relation,
though with large scatter about the fit, while they systematically lie below the LX   T
scaling law. This may indicate that energy from galaxy winds is responsible for heating
the gas in groups (Ponman et al. 1996). Adapted from Figures 5 and 6 of Mulchaey
(2000).
CCDs are quickly read out numerous times in a given observation (e.g., the Chandra
ACIS CCDs are nominally read out every 3.2 s10).
As discussed in Section 1.2.2, the main cooling mechanism at the high X-ray tem-
peratures of galaxy clusters is bremsstrahlung radiation, with line-cooling of heavy ions
(e.g., iron) playing a more dominant role at cooler temperatures observed in galaxy
groups. In studying di↵use X-ray emission, it is therefore common to fit the spectra with
optically thin thermal plasma models (e.g., Kaastra & Liedahl 1995; Raymond & Smith
1977) that incorporate a bremsstrahlung continuum and line emission based on known
relative abundances (e.g., Anders & Grevesse 1989; Wilms et al. 2000; Lodders 2003).
Furthermore, studies use knowledge of the H i column density along the line of sight to
10http://cxc.cfa.harvard.edu/proposer/POG/html/
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correct for X-ray absorption by heavy elements in the Milky Way interstellar medium.
For an optically thin plasma dominated by bremsstrahlung continuum emission, the
assumption of hydrostatic equilibrium leads to the relations LX /  4, LX / T 2X , and
TX /  2, where LX is the bolometric luminosity of the hot gas estimated from the X-
ray spectrum, TX is the hot gas temperature, and   is the velocity dispersion of the
system determined from optical galaxy radial velocities (e.g., Solinger & Tucker 1972;
Kaiser 1986; Navarro et al. 1995). Note that these relationships describe any gas that is
in equilibrium and in the bremsstrahlung-dominated regime, therefore they may apply
equally to gas in the intracluster, intragroup, and circumgalactic media. Figure 1.8 shows
the LX   and LX T diagrams of both clusters and groups. We can see from the figure
that the groups mostly follow the LX   relationship of clusters, though with more scatter
around the fit, while groups systematically fall below the LX  T scaling law. Solinger &
Tucker (1972) hypothesized that if hot gas is indeed a thermal plasma (i.e., the emission
is not due to a shock) and the temperature is independent of the system kinematics,
then the heating mechanism may not be virialization, but rather energy injected into the
system by the galaxies themselves (e.g., star formation or AGNs).
Several studies (e.g., Ebeling et al. 1994; Pildis et al. 1995; Ponman et al. 1996;
Fukazawa et al. 2002; Tiersch et al. 2002; Tamburri et al. 2012) have examined the dif-
fuse hot gas specifically in CGs using X-ray observations. While Ebeling et al. (1994)
and Pildis et al. (1995) studied X-ray data of a limited sample of HCGs, the first com-
prehensive examination of X-rays in CGs was performed by Ponman et al. (1996) who
used ROSAT PSPC observations of 85 groups from the Hickson (1982) catalog. These
observations were taken as part of both the ROSAT All Sky Survey (RASS) and pointed
programs, which is an important distinction because the RASS data typically have shorter
exposure times and therefore do not probe the hot gas as deeply as the pointed data.
The authors found that 22 of the 85 groups in their sample were detected within a
projected radius of 200 kpc from the group centers in the ROSAT data. Figure 1.9
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Figure 1.9: Optical image of HCG 16 with smoothed 0.1–2.4 keV ROSAT X-ray contours
overlaid. The dashed circle indicates a projected 200 kpc radius from the group center
over which the X-ray spectrum was extracted. Note the irregular morphology of the X-
ray envelope and the enhancement around the main group members located in the center
of the image. We caution the reader that the ROSAT PSPC point spread function has
a full-width at half-maximum of approximately 3000, therefore there are ⇠20 resolution
elements across the extraction region at the distance of HCG 16. Adapted from Figure 2
of Ponman et al. (1996).
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Figure 1.10: Optical image from HST/WFPC2 (F555W filter) of HCG 79 (“Seyfert’s
Sextet”) with 0.5–5 keV Chandra X-ray contours overlaid. The contours are logarith-
mically spaced and begin at 2.9 ⇥ 10 6 counts s 1 pixel 1. These contours include the
contribution from X-ray point sources, which are mostly identified in the galaxy nuclei in
this observation of the group. The letters indicate the labeling used in the Hickson (1982)
catalog (in order of decreasing brightness beginning with galaxy A; note that galaxy E is
a discordant background galaxy). The large X-ray feature to the Northwest of the group
is attributed to a background galaxy cluster. While this background source accounts for
most of the signal in the data, there is still emission observed in the group, particularly
around the individual galaxies. Comparing to the ROSAT data shown in Figure 1.9, this
group is very small on the sky, and would only have 4 and 2 resolution elements along the
major and minor axes, respectively, if observed with ROSAT. This helps to illustrate the
importance of the significantly improved spatial resolution of modern X-ray observatories
in studying CGs. Adapted from Figure 1 of Tamburri et al. (2012).
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shows an example of the X-ray emission detected by ROSAT in HCG 16. The detected
groups range in temperature 0.30  TX  1.09 keV, which is comparable to the tem-
perature of hot gas around individual galaxies, and a range in bolometric luminosity11
41.48  log10(LX)  43.04 erg s 1. While the detection rate was only 26%, using the
Kaplan-Meier estimator and assuming random statistical censoring the authors extrap-
olate the luminosity function of the HCGs to estimate that approximately 75% of the
CGs have di↵use X-ray emission LX > 1041.1 erg s 1.
Ponman et al. (1996) also examined where CGs lie in LX   T and LX     space.
Similar to the groups seen in Figure 1.8, the CGs did agree with the LX     relation
from clusters with larger scatter12, but lie systematically below the LX   T relation.
The consistency of the X-ray-detected CGs with the LX    relation indicates that these
systems are likely gravitationally bound in contrast to the suggestion that CGs are likely
just chance alignments of galaxies in loose groups or along filaments along the line of
sight (e.g., Mamon 1986). The authors (as well as Helsdon & Ponman 2000 for loose
groups) note that the LX   T result may be indicative of non-gravitational heating in
the groups (e.g., galaxy winds similar to M82 or due to AGNs), similar to the hypothesis
of Solinger & Tucker (1972).
With respect to galaxy morphology, Ebeling et al. (1994) found that there was a
slight dependence on the X-ray luminosity with the fraction of spiral galaxies in the
groups. In all but one case, the fraction of spiral galaxies in the X-ray detected groups
was less than 50%. This is particularly important when considering the evolution of
the groups as a whole if we consider the fraction of gas-rich spiral galaxies in a system
to be indicative of the evolutionary stage. As discussed in Section 1.1, the kinematics
and star formation rates of galaxies evolve such that blue spiral galaxies are maybe
11Ponman et al. (1996) use a cosmology of H0 = 50 km s 1 Mpc 1 and ⌦M = 1, therefore a re-
examination of the data with modern cosmological parameters may yield a slightly di↵erent result.
12Ponman et al. (1996) also fit the CGs independently of the clusters in LX T and LX   and argue
that the slope of these relations may steepen below TX = 1 keV and log10( ) ⇡ 2.5 km s 1, respectively,
however the di↵erence between the CG and cluster fits was not statistically significant.
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transformed into elliptical galaxies through mergers or lenticular galaxies if left to evolve
in isolation. In either case, the end result is a bulge-dominated galaxy with an old stellar
population, little on-going star formation (. 1 M  yr 1), and practically no cold gas.
Therefore, it is reasonable to assume that the build-up of the hot IGM progresses as the
group members evolve from gas-rich to gas-poor galaxies. However, with a significantly
larger sample, Ponman et al. (1996) found a much weaker anti-correlation between the
bolometric luminosity of the hot gas and the spiral fraction compared to previously
reported results. They also reported on the first detection of di↵use X-ray emission from
a spiral-only CG (HCG 16). This detection was followed up by the XMM-Newton first-
light observation (Belsole et al. 2003), while Trinchieri et al. (2008) also detected emission
in the spiral-only CG SCG0018-4854 (part of the Southern CG catalog; Prandoni et al.
1994). Ponman et al. (1996) found a much stronger correlation between the spiral fraction
and the temperature of the hot gas. The authors note that while LX describes the amount
of gas, TX is indicative of the potential well of the group (assuming virialization rather
than shock heating), and the spiral fraction is therefore indicative of the mass density of
the group.
Referring back to the ROSAT X-ray contours of HCG 16 (Figure 1.9), we note the
peculiar morphology of the X-ray emitting gas. This is in contrast to galaxy clusters in
which the hot gas typically has a smooth, circular distribution on the sky (presumably
spherical in three dimensions). The point-spread function full-width at half-maximum
(i.e., the minimum size on the sky to resolve the emission) of the ROSAT PSPC is
⇠3000, therefore the ROSAT data are limited in their power to study the morphology
of the hot gas. More recent X-ray missions such as Chandra and XMM-Newton have
much improved spatial resolutions (0.005 and 600, respectively), and hence can reveal the
distribution of the X-ray emission more e↵ectively. Tamburri et al. (2012) used Chandra
observations of HCG 79 (more popularly known as “Seyfert’s Sextet”) to study the hot
gas in this particular system (see Figure 1.10). The authors noted that, compared to
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earlier X-ray studies, the emission in this CG was largely associated with the individual
galaxies. Based on their results, Tamburri et al. (2012) posed the question: is the hot gas
in most if not all CGs linked to the group members rather than the group environment?
This distinction between galaxy- and environment-linked X-ray emission is important
in describing the build-up of the hot IGM, as well as for confirming or disproving the
hypotheses of Solinger & Tucker (1972), Ponman et al. (1996), and Helsdon & Ponman
(2000) concerning the injection of energy into the IGM through galaxy winds and AGNs.
1.3.5 X-ray Binaries and Active Galactic Nuclei
Accretion Power
For reference in our study of the X-ray emission from point sources in galaxies in
Chapter 4, we include here a brief description of XRBs and AGN. In both cases, the
observed phenomena are powered by accretion onto a compact object. In the for-
mer case, the compact object is typically a neutron star or stellar mass black hole
(M . 102 M ; Webster & Murdin 1972), while the latter contains a supermassive black
hole (106 M  . M . 109 M ; Salpeter 1964; Lynden-Bell 1969). As gas loses angular
momentum and spirals onto the compact object in the form of an accretion disc, it is
heated to high temperatures and emits like a blackbody13 with the temperature being
a function of the mass of the compact object. Additionally, the presence of a di↵use
corona of free electrons around the compact object Compton upscatters low energy pho-
tons to hard X-ray energies. The energy available from accretion is given by the change
in gravitational potential energy
 U =
 GMm
R
    R=1
R=r
, (1.6)
13Though, in reality, the accretion disc is better modelled as a sum of blackbody components with a
range of temperatures.
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where G is the gravitational constant,M is the mass of the compact object, m is the mass
being accreted, and R is the distance from the compact object. In the case of neutron
stars, the accretion disc is truncated at the surface of the star, therefore r is the radius
of the neutron star itself. In accreting black holes, the disc ends at the innermost stable
circular orbit, interior to which relativistic e↵ects cause infalling matter to rapidly pass
into the event horizon, i.e., the radius at which the escape velocity is greater than the
speed of light. In a Schwarzchild (non-rotating) black hole, the radius of the innermost
stable circular orbit is three Schwarzchild radii, or
RISCO =
6GM
c2
, (1.7)
where c is the speed of light (Frank et al. 2002). Only a small fraction of the energy
from accretion is converted to luminosity, which is described by an e ciency typically
estimated at ⌘ ⇡ 0.1 using the slim disk model of accretion (Abramowicz et al. 1988).
A theoretical maximum bolometric luminosity from accretion is given by the Edding-
ton limit. The limit is found by balancing the photon pressure on free electrons from
Thompson scattering pushing outwards against the gravitational force pulling matter in-
wards. The limit assumes that the sphere of gas surrounding the compact object is fully
composed of hydrogen and that it is fully ionized. In other words, the disc is a plasma
made up of equal parts free protons and electrons, which is a reasonable first-order ap-
proximation. By balancing the forces on the particles, we can derive the Eddington limit
as
LEdd =
4⇡GMmpc
 T
⇡ 1.3⇥ 1038
✓
M
M 
◆
erg s 1, (1.8)
where mp is the mass of a proton and  T is the Thompson cross-section. The Eddington
limit thus scales linearly with the mass of the compact object. For the most massive stellar
mass black holes, we thus assume a maximum bolometric luminosity ⇠1040 erg s 1, and
it is unlikely that a galaxy will have enough such actively accreting black holes to increase
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this expected luminosity by more than a couple orders of magnitude.
Properties of X-ray Binaries
As previously stated, an XRB typically contains a neutron star or stellar mass black hole
as the compact object. They are referred to as binaries due to the source of the mass
used in accretion: a companion star. This star may range from low-mass to high-mass,
which then dictates whether the system is a low-mass X-ray binary (LMXB) or high-mass
X-ray binary (HMXB).
In addition to the di↵erences in the stellar classification, the process controlling the
mass transfer between the stellar companion and compact object may di↵er as well. In
either LMXBs or HMXBs, the mass transfer may be due to Roche lobe overflow. In this
scenario, the gravitational potential of the two masses are connected by a saddle point.
The equipotential surface surrounding each of the objects is referred to as a Roche lobe,
and the relative location of the saddle point and the sizes of the lobes depends on the
mass ratio and physical separation of the binary. A consequence of the saddle point is
that mass preferentially flows from one Roche lobe to the other rather than out of the
potential well. In XRBs, when a star fills its Roche lobe (e.g., when it swells during the
giant phase of stellar evolution), mass may flow continuously from the star to the compact
object. Alternatively, mass transfer may also occur due to Bondi-Hoyle accretion, also
known as wind accretion, which describes the capture of particles in the surrounding
medium by a massive body (Hoyle & Lyttleton 1939; Bondi & Hoyle 1944). This type
of accretion is only important in systems with strong stellar winds, and is therefore only
likely to occur in HMXBs.
The existence of the stellar-mass donor in XRBs allows us to use them as a tool
with which to study galaxies. Specifically, the short lifetimes of high-mass stars dictates
that HMXBs must somehow trace star formation. Indeed, much work has been done to
calibrate the luminosity function of HMXBs to the star formation rates of galaxies (e.g.,
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Grimm et al. 2003). Similarly, the low-mass nature of the stars in LMXBs indicates
that these objects likely trace the stellar masses of galaxies. These facts will be explored
further in Chapter 4.
Active Galactic Nuclei
An AGN is similar in many ways to an XRB, however on much larger scales. There exist
many varieties of AGN (e.g., BL Lacertae, broad absorption line), however the unified
model of AGN (cf. Urry & Padovani 1995) tells us that the underlying mechanism in
all varieties is the same, i.e., accretion onto a supermassive black hole. Di↵erences in
the observed properties of AGN may result from several di↵erent sources, e.g., the exact
nature of the accretion physics or the orientation of the system along the line of sight. For
example, X-ray observations of some AGN with broad absorption lines in the UV show the
presence of intense absorption (NH ⇠ 1024 cm 2) in the X-ray regime as well (Gallagher
et al. 2002), while other broad absorption line AGN may simply be X-ray weak (e.g.,
Luo et al. 2013). The basic components of an AGN are a broad-line region, a narrow-line
region, and some source of obscuration. The specific nature of the obscuring source is
a topic of debate, however the two main hypotheses are a dusty torus surrounding the
broad-line region or a radiation-driven wind that originates from or near the accretion
disk (see, e.g., Konigl & Kartje 1994 for a discussion).
Unlike XRBs, which require mass transfer from a donor star, AGN need mass to be
funnelled into galaxy nuclei to fuel accretion at an appreciable rate. The mechanisms
responsible for the concentration of mass into galaxy nuclei are not fully understood,
though the primary method investigated for triggering luminous AGN has been major
mergers. Recently, however, studies have shown that major mergers are likely only
responsible for the most luminous AGN (Kocevski et al. 2012; Treister et al. 2012).
Many low-luminosity AGNs are observed in the CG environment (Mart´ınez et al. 2010;
Sohn et al. 2013; Tzanavaris et al. 2014), therefore galaxy interactions are the most likely
39
triggers of nuclear activity in the dense environments of CGs.
1.4 Summary
CGs represent ideal systems to study galaxy evolution due to their intense gravitational
interactions compared to galaxies in the field. In some cases, these interactions also
cause large masses of gas to be stripped out of the galaxies and deposited into the space
between them. Here we have presented an overview of gas processing in the CG environ-
ment, beginning with a theoretical background covering the mass-fraction, distribution,
temperature, and phase of the gas in galaxies and their environments. We then discussed
observational results of studies concerning the cold molecular (H2), cool neutral (H i),
warm ionized, and hot ionized gas in these systems. However, there are several outstand-
ing questions with respect to the hot gas that must be addressed to better understand
how gas is processed in the CG environment.
1. What is the distribution of the X-ray emitting gas? As described by Tamburri et al.
(2012), the hot gas in HCG 79 seems to be isolated to the individual galaxies. Is
this the case in most if not all CGs? The result of this question o↵ers insight into
the importance of the individual galaxies in heating the IGM in low-mass systems.
2. How important are the tidal interactions in these groups in the buildup of the hot
IGM? Strong interactions can liberate vast amounts of cool gas from the disks of
gas-rich spirals (e.g., Verdes-Montenegro et al. 2001), but it is unclear how the
CG environment heats that gas to X-ray temperatures, i.e., is virialization, tidal
heating, or winds from galaxies the primary heating mechanism, or do we need to
consider a combination of these?
3. What is the fraction of baryons contained in the hot IGM? In galaxy clusters, the
baryon fraction of the stars is estimated to be 10–20% (Balogh et al. 2001; Lin et al.
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2003), while a significant amount of mass is tied up in the hot ICM. Are groups,
and in particular CGs, similar, or is the phase of the baryons much di↵erent from
clusters owing to the lower masses of the systems? Tracking the baryons and their
physical properties helps to put constraints on the formation and evolution of these
systems.
4. What e↵ect, if any, does the intragroup gas have on galaxy evolution? CG galaxies
have been found to have several unusual properties compared to other samples (e.g.,
the mid-infrared color bimodality). If the environment is the cause, then perhaps
there is a link between the hot gas properties of the CGs and the galaxies that
reside within them. For example, ram-pressure stripping may cause accelerated
evolution in CGs if the hot gas in the intragroup medium has a high density.
Comparing the group hot gas luminosity with the aggregate CG galaxy properties
may elucidate the importance of the hot intragroup medium on galaxy evolution
in dense environments.
Analysis of data from modern X-ray observatories such as Chandra and XMM-Newton,
with their superior spatial resolution and sensitivity to low-temperature di↵use gas, re-
spectively, will give further insight into the properties of the hot gas in CGs. We can then
begin to address these questions and link the hot X-ray properties to the gas in other
phases to study the evolution of gas in the low-mass, CG environment. In Chapters 2
and 3, we will discuss the Chandra observations of di↵use hot gas in CGs and study how
it relates to other observed properties of these systems, e.g., the cool gas fraction, star
formation rates, and baryonic masses.
Furthermore, we can use these facilities to explore the X-ray properties of galaxies in
dense environments. Doing so may reveal more about the star formation histories and
buildup of stellar mass in such environments and help us to answer lingering questions
about the evolution of galaxies in these systems. We may then ask ourselves:
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5. How do the X-ray luminosity scaling relations with stellar mass and star formation
rate compare for galaxies in dense environments, i.e., CGs or the Coma cluster
infall region, against the expected relations from other environments? Does the
compact environment impact the X-ray emission in CG galaxies as it does at other
wavelengths (e.g., the mid-infrared color gap)? What other physical aspects of the
galaxies, if any, may a↵ect the X-ray emission? These questions in particular shed
light on the importance of environment on the X-ray observables in galaxies.
6. How does the AGN fraction of CG galaxies compare to other environments? Tzanavaris
et al. (2014) recently examined the X-ray identified AGNs in CGs, while other
papers (e.g., Gallagher et al. 2008; Mart´ınez et al. 2010; Sohn et al. 2013) have
examined the AGN populations of CGs using mid-infrared and optical diagnostics.
If one uses multi-wavelength selection methods in a similar environment, i.e., the
Coma cluster infall region, how do the AGN fractions, and the properties of the
AGN themselves, compare with the CG environment?
In Chapter 4 we will explore the X-ray properties of galaxies in the Coma cluster,
which has already been used several times as a comparison sample for galaxies in CGs,
and investigate how the X-ray emission scales with stellar mass and star formation rate.
We also study the AGN fraction and properties of galaxies identified as AGN in the
Coma infall region and compare them against CGs.
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Chapter 2
Intragroup and Galaxy-Linked
Di↵use X-ray Emission in Hickson
Compact Groups
T. D. Desjardins, S. C. Gallagher, P. Tzanavaris, J. S. Mulchaey, W. N. Brandt,
J. C. Charlton, G. P. Garmire, C. Gronwall, A. E. Hornschemeier, K. E. Johnson,
I. S. Konstantopoulos, and A. I. Zabludo↵
The Astrophysical Journal, Volume 763, Article 121
2.1 Introduction
As the majority of galaxies in the nearby Universe are found within gravitationally bound
groups (e.g., Tully 1987; Small et al. 1999; Karachentsev 2005), understanding the phys-
ical processes at work in these systems is fundamental to galaxy formation, evolution,
and cosmological theory. Though a significant fraction may be condensed structures em-
bedded within largely extended, loosely bound systems (Tovmassian et al. 2006; Mendel
et al. 2011), Hickson compact groups (HCGs; Hickson 1982) in particular are useful tools
for studying tidally enhanced galaxy evolution in the nearby Universe because they are
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isolated from other nearby galaxies due to their selection criteria, have low velocity dis-
persions (usually. 200 km s 1), and exhibit high number densities (typically 3–4 galaxies
of comparable luminosity within several galaxy radii of one another). These properties
combined encourage numerous gravitational interactions between group members.
Because the crossing time of CGs is short (. 0.02tH0 ; Diaferio et al. 1994), simulations
indicate that group members should have entirely merged into single massive galaxies
on timescales of ⇠1 Gyr. Hypotheses concerning the continued existence of CGs have
included that these systems are either recently formed (e.g., Mendes de Oliveira et al.
2005), that they are chance alignments within larger structures (e.g., Mamon 1986),
or that CGs are perpetually formed within collapsing rich groups (e.g., Diaferio et al.
1994). However, all three proposed scenarios have evidence that contradicts them such
as the wide range in ages of star clusters in CGs (Konstantopoulos et al. 2010, 2012),
the low surface brightness tidal debris and disturbed disk morphologies present in many
groups (e.g., HCGs 16, 31, and 92; Mendes de Oliveira et al. 1998; Gallagher et al.
2010; Fedotov et al. 2011), and indications that a small fraction of CG members are the
result of mergers (Mendes de Oliveira et al. 2005). Clearly these systems are much more
complicated than first suspected, and understanding the origin and physical processes
responsible for maintaining CGs over timescales in excess of several Gyr is important for
refining cosmological simulations.
Verdes-Montenegro et al. (2001) presented an evolutionary scenario in which the
spiral-rich compact groups with most of their neutral H i gas confined to the galaxy
disks experience successive tidal encounters which liberate the cool gas from the galaxies
into the intragroup medium in the form of tails and bridges. This progresses to one of
two evolutionary end points: (1) a group in which the liberated H i is shock-heated to
X-ray temperatures; or (2) a group with a large, low velocity dispersion H i halo. In a
study of five groups, Freeland et al. (2009) found that the amount of H i tidally removed
from galaxy disks is related to the compactness of the group. Therefore, compact groups
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should be very e cient at dispersing their neutral gas into the intragroup medium. If a
su cient mass of gas is removed from the disks and heated to su ciently temperatures,
the group may be considered a fossil group. Jones et al. (2003) defined fossil groups as
those with LX   1042 h 250 erg s 1 and a di↵erence in R-band magnitude of  m   2.0 mag
between the two brightest group members. The possible evolution of HCGs into fossil
groups represents the most similar to clusters these systems may become. We note that
tidal stripping of gas from galaxy disks is not necessarily the only source of baryons for
the intragroup medium. Simulations of galaxy clusters at high redshift have shown that
cold mode accretion of gas from the surrounding intergalactic medium can be a substan-
tial source of baryons (e.g., Keresˇ et al. 2005); however, it is unclear how significant this
accretion may be for low redshift groups.
Observations of di↵use X-ray emission are particularly helpful in placing constraints
on the properties of CGs because the increased likelihood of tidal encounters implies
that a significant fraction of the gas mass in these systems may be in the form of a
hot plasma. Previous ROSAT (e.g., Ponman et al. 1996; Mulchaey & Zabludo↵ 1998;
Helsdon et al. 2001; Mulchaey et al. 2003) and Chandra (e.g., Rasmussen et al. 2008;
Rasmussen & Ponman 2009; Sun et al. 2009) analyses of di↵use X-ray emission in galaxy
groups have specifically treated groups of galaxies as low-mass analogs of galaxy clusters.
Early studies found that, within large errors, galaxy groups were consistent with the
established relationships between bolometric X-ray luminosity LX and gas temperature
(LX T ) as well as LX and velocity dispersion (LX  ) found from observations of large
samples of galaxy clusters. With improved instrumentation and more statistically robust
datasets, it was shown that compact groups deviate from the established LX   T cluster
relation (groups are fainter for a given temperature), however the LX     relation was
still found to be consistent, though with a large scatter (cf. Figure 12 in Ponman et al.
1996).
Having performed the first extensive X-ray survey of compact groups using data
52
from both the ROSAT All-Sky Survey (RASS) and pointed ROSAT PSPC observations,
Ponman et al. (1996) found that 22 out of 85 observed HCGs had di↵use X-ray emission
above their detection limits. From the data, the authors statistically estimated that
⇠75% of HCGs have a di↵use X-ray luminosity above ⇥101.341 erg s 1. While di↵use
X-ray emission was previously thought to be limited to groups containing only E/S0
members, Ponman et al. (1996) found that groups containing spiral galaxies exhibit
di↵use X-ray emission as well, however the X-ray luminosity functions of spiral dominated
groups show that they tend to be fainter than E/S0 dominated groups to a high statistical
significance. Additionally, a weak anti-correlation was found between LX and spiral
galaxy fraction.
Studies of compact groups such as HCG 31, which shows multiple interactions among
its low-mass members, have shown evidence for hierarchical structure formation charac-
teristic of environments at higher redshifts (z⇠1–2) (Gallagher et al. 2010). Additionally,
a gap in both the mid-IR colors and specific star formation rates (SSFRs; i.e., SFR nor-
malized by stellar mass) of HCGs compared to galaxies in other environments suggests
that the galaxies in these systems undergo accelerated evolution from star-forming “blue-
cloud” galaxies to the quiescent “red sequence” (Johnson et al. 2007; Walker et al. 2010,
2012; Tzanavaris et al. 2010). This rapid evolution is supported by the H i deficiency
observed in most HCG members relative to spiral galaxies in the field (Huchtmeier 1997;
Verdes-Montenegro et al. 2001).
The rapid evolution of HCG galaxies from gas-rich and star-forming to gas-poor and
quiescent raises the following question: how is the neutral gas being processed in HCGs,
i.e., is most of the H i mass converted into stellar mass or is it ionized and expelled
into the intragroup medium, and in what proportions do these mechanisms operate in
individual groups? Previous papers have examined the star cluster populations in several
HCGs (e.g., Gallagher et al. 2001; Konstantopoulos et al. 2010; Fedotov et al. 2011) to
study the consumption of gas by star formation, however there has been no investigation
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of how the H i gas is heated to X-ray temperatures in these systems in the context
of group evolution. In this work, as part of a multiwavelength campaign to study the
evolution of both the galaxies in compact groups and the group environment itself, we
present the results of a study of the di↵use X-ray emission from nearby CGs (z . 0.015)
using Chandra observations. Specifically, we inspect the morphology of the hot gas in
compact groups using improved spatial resolution compared to previous studies that
analyzed ROSAT data; we re-examine the LX scaling relations with temperature and
velocity dispersion; and we compare the hot gas in groups to the neutral H i gas to
investigate how the X-ray gas is built up in these systems.
First, we describe the Chandra observations and methods for reducing the events files
in Section 2.2. In Section 2.3, we discuss the extraction of the X-ray spectra, as well as
the models we used to fit the data. Our model-derived measurements are presented in
Section 2.4 in addition to a discussion of the results of our study in the larger context of
galaxy evolution and the evolution of the group environment itself. We summarize our
findings and discuss the future steps of our investigation into the di↵use X-ray properties
of HCGs in Section 2.5. Appendix A gives specific information on the extraction and
modeling of the di↵use emission in the detected groups. Throughout this work, we assume
a cosmology of H0 = 70 km s 1 Mpc 1, ⌦M = 0.27, and ⌦⇤ = 0.73. We also caution the
reader that we allude several times to compact groups possibly becoming more cluster-
like as they evolve. In this context, we refer to the hot gas distribution, not necessarily
to the richness of the group; therefore, the term cluster-like is used to describe groups
with a large fraction of E/S0 galaxies and a shared, hot intragroup medium.
54
2.2 Sample Definition, Observations, and Data Re-
duction
Objects for study were selected on the basis of data available from the archive at the
Chandra X-ray Center (CXC) for CGs that are part of a sample designed to study star
formation and galaxy evolution in the compact group environment (see Johnson et al.
2007 for more information regarding the original sample; HCG 92 was subsequently added
based on the availability of high-resolution, deep imaging data). To this end, the sample
consists of groups at small enough distances (z . 0.015, excepting HCG 92) to allow for
high spatial resolution imaging over a wide range of wavelengths. In addition to our new
Chandra observations of HCGs 7, 22, 31, and 59 (PIs: Garmire [7, 22] and Gallagher
[31, 59]), we selected archival data that covered the entirety of each group, rather than
only individual group members, to search for hot, ionized gas in the intragroup medium,
bringing the total number in our study of di↵use X-ray emission to nine groups. HCGs 2,
19, 48, and 61, which were included in the Johnson et al. (2007) sample, were omitted
from our study due to the lack of suitable Chandra imaging data.
All of the groups were observed at the ACIS-S aimpoint with the exception of HCG 90,
which was observed at the ACIS-I aimpoint due to its large angular extent (the di↵use
emission of HCG 90 falls mostly on the I0 CCD, however some is present along the
edges of the other I array detectors as well). The individual ACIS CCDs have a field of
view of 8.03 ⇥ 8.03, which is comparable to the extent of the di↵use emission in compact
groups found in Ponman et al. (1996) and Mulchaey et al. (2003) (noting the exceptions
of HCGs 62 and 90). All data were taken in VFAINT mode except HCG 16, HCG 62
(obsID 921), and HCG 92 (obsID 789), which were in FAINT mode. Due to the design
of the High Resolution Mirror Assembly, observations with the Chandra ACIS camera
have superior spatial resolution (⇠0.500 FWHM) compared to other instruments such as
the ROSAT PSPC (⇠2500) and XMM EPIC (⇠600), allowing for more robust removal of
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point sources that contaminate the di↵use emission and can ead to incorrect estimations
of hot gas properties. Tables 2.3 and 2.1 list the properties and observation information,
respectively, of the CGs included our sample.
The data were reprocessed beginning with the level 1 events file. We used the CIAO
tool acis reprocess events with standard event filtering and VFAINT background
cleaning (when appropriate) to produce the level 2 events file; however, we omitted the
pixel randomization step in the event file processing to prevent degradation of the spatial
resolution. The pixel randomization introduces a 0.005 random resampling of the event
positions on the detector. This procedure is normally performed to mitigate the e↵ects
of aliasing in observations . 2 ks, however the observations included in our sample
are substantially longer than this limit, and therefore the pixel randomization is not
required. The pixel randomization has been shown to decrease the spatial resolution of
the observations by ⇠12% (e.g., Chartas et al. 2002). High spatial resolution is useful
for proper removal of point sources that may be embedded within or projected onto any
di↵use emission present in the groups.
Because the di↵use intragroup emission is typically weak and there is no robust
method to determine the full radial extent of it from the data, for most targets we
did not perform a spectral extraction in an annulus surrounding the targets to determine
the soft X-ray background level. Instead, we subtracted the instrumental background
using the stowed ACIS background files appropriate to each observation (as in White
et al. 2003). The stowed ACIS background files1 were obtained by sliding ACIS out
of view of the sky and away from the external calibration source to avoid spectral-line
contamination. All stowed background observations were taken after 2002 in VFAINT
mode with gain corrections applied. Following procedures outlined in the ACIS Extract
manual (Broos et al. 2010), we removed the “Clean55” bit from the event lists for sub-
traction from data taken in FAINT mode and renormalized the background files to the
1This brief description of the stowed ACIS background is based on the work of Maxim Markevitch;
further details are at http://cxc.harvard.edu/contrib/maxim/stowed/.
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data using the particle background in the range 9–12 keV. The stowed background files
include emission from the high energy particle background (E & 2 keV), but not the soft
X-ray background (SXRB; E . 2 keV), therefore in groups where we used the stowed
background files we expect contamination from the SXRB at energies <2 keV. Table 2.1
lists total counts extracted from and exposure times of the stowed background data for
each group.
We used the latest version of ACIS Extract to create exposure maps, model point
source PSFs and excise them from the observations, and extract spectral information
(see §2.3). The energy used to create the exposure maps was the median event energy
over the range 0.5–3.0 keV, chosen to coincide with the peak of any soft di↵use emission
in the data.
2.3 Spectral Extraction and Modeling
2.3.1 Point Source Detection and Removal
We used the CIAO Mexican-hat wavelet detection routine wavdetect (Freeman et al.
2002) to search for point sources in the field of view down to a source-significance thresh-
old of 10 5. Detections were examined by eye to remove spurious sources (e.g., those with
an axis length . 1 pixel). We then used ACIS Extract to model the PSF of the sources
with MARX prior to excising the point sources from the events files. The excised regions
correspond to 1.1 times the 99% encircled energy radius. For extraction of spectra, we
did not interpolate over the holes created by excising the point sources to avoid making
statistical assumptions concerning the gas. The area of di↵use emission on the sky lost
due to point-source removal was typically less than 1% of the total extraction region. We
defer the examination of the point sources in our sample to Tzanavaris et al. (in prep).
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2.3.2 Extraction of the Di↵use Emission
Extraction regions were centered on the apparent centers of the CG galaxy distributions
with shapes and sizes chosen to best cover all of the main group members on the S3
chip (I0 for HCG 90), including evident di↵use emission in the level 2 events files. The
extraction regions were either circular or elliptical in shape, except in the case of HCG 16,
which fills approximately half of the S3 CCD. In this group, the region was rectangular
and placed at an angle to include the main galaxies and the known distribution of H i
gas. The area of each extraction region can be found in Table 2.1, while additional
information is located in Appendix A. Note that in the case of HCG 22, the extraction
region includes a background pair of galaxies to the southeast of the group center. As
this group was classified as a non-detection, we set an upper limit on the di↵use X-ray
luminosity using the method outlined below. Therefore, the inclusion of this pair in the
extraction region has negligible impact on the results.
Prior to model fitting in XSPEC (Arnaud 1996), the extracted spectra were rebinned
such that each pulse height amplitude (PHA) bin contained a minimum of 20 counts.
This ensured statistically valid results when fitting with  2 statistics. In cases where
the ACIS instrumental response did not change significantly between observations (i.e.,
multiple obsIDs within an observing cycle), we merged the on-source spectra to reduce
the relative error in each PHA bin. When merging the spectra was not possible due to
the changes in the instrument response, we simultaneously fit the model to each spectrum
with the temperature and metal abundances linked between di↵erent obsIDs; however,
the model normalization was allowed to vary freely.
A detection was defined to have S/N   3. The noise of the spectra was determined
to be   = [SB + (Asts/Abtb)B]
1/2, where SB is the total counts in the source before
background subtraction, B is the number of counts in the background, A is the area of
the extraction region, t is the integration time, and the subscripts s and b represent the
science and background observations, respectively. When using the stowed background,
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the background counts were scaled to the 9–12 keV count rates in the science observations
prior to estimating the noise. This scaling has the e↵ect of normalizing the shape of the
stowed background spectrum to that of the source in a range of energies dominated by
the particle background Hickox & Markevitch (2006). When no di↵use emission was
detected, we put an upper limit on the luminosity of the intragroup medium by fixing
the temperature and metal abundance of the plasma to reasonable values of 0.6 keV
and 0.5 Z , respectively. We then adjusted the normalization to match the sum of the
observed count rate and the 1  noise estimate.
In all cases when di↵use X-ray emission was not detected, the energy range over which
the count rates were evaluated had to be restricted to 0.7–1.7 keV due to oversubtraction
of the stowed background between 1.7 and 2 keV. Bolometric X-ray luminosities were
then computed in the same manner as for groups with detected emission (see below).
2.3.3 Spectral Model Fitting
We fit a combination of optically thin plasma and Galactic photoelectric absorption
models for each of the groups. The best fitting models are presented in Table 2.2. The
first model component, an optically thin plasma, was modeled using the MEKAL model
(Mewe et al. 1985, 1986; Kaastra 1992, 1993; Liedahl et al. 1995; Kaastra & Liedahl
1995) with the adopted ionization balance taken from Arnaud & Rothenflug (1985) and
Arnaud & Raymond (1992). We fixed the hydrogen number density at a reasonable value
of 1 cm 3 and allowed the remaining parameters to vary freely. While the metallicity
parameter was allowed to vary, these values are poorly constrained by the available data,
and we only report them here to describe the best-fitting models to the observations. We
calculated the model at all temperatures rather than interpolating it from a pre-calculated
table while fitting the data. Other than the plasma temperature, we also report the
normalization used in calculating the X-ray luminosity. We note that because the gas
is often associated with individual galaxies rather than a single distribution permeating
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the intragroup medium (see Section 2.4.1), it is likely multi-temperature; however, we
find that the single temperature plasma model fits the extracted spectra well, except in
the case of HCG 62 for which a two-temperature plasma results in a better fit. Note
that HCG 62 has the most counts in the background-subtracted data compared to any
other observation in this study; specifically, a factor of ⇠7 more counts in the merged
obsIDs 10462 and 10874 compared to HCG 90, which has the next most counts. For
other targets, our ability to isolate the multiple spectral components that likely make up
the di↵use X-ray emission is limited by the number of counts; therefore, it is probable
that we cannot detect spectral complexity in our data (e.g., multi-temperature plasmas)
given the limited numbers of counts.
Photoelectric absorption was modeled using the Tuebingen-Boulder ISM absorption
model from Wilms et al. (2000). The only model parameter, the H i column density
along the line of sight, was fixed at the value determined using the HEASoft tool nH to
compute the weighted mean of H i in a cone centered on the source and with a radius
of 1 . Following the recommendation of the nH manual2, we use the H i values from
Kalberla et al. (2005).
Abundances and depletion values for the model (used in both the absorption and
emission components) were taken from Lodders (2003) (the most recent abundances
available in XSPEC) rather than the default from Anders & Grevesse (1989). Both
abundance tables use Solar photospheric line and CI chondrite analyses to determine
the relative amounts of each element. We found that the values from Lodders (2003)
consistently performed better at fitting emission-line features in the spectra, particularly
in observations with significant numbers of counts (e.g., HCG 62).
Because Chandra only has significant response over the energy range 0.3–8 keV, we
computed the bolometric X-ray luminosity LX using a dummy response over the energy
range 0.01–100 keV logarithmically divided into 5,000 energy bins. We used 3K CMB
2http://heasarc.nasa.gov/Tools/w3nh help.html#comparison
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adjusted velocities (Fixsen et al. 1996) from the NASA Extragalactic Database (NED),
which adjusts the velocities for the observed dipole anisotropy in the CMB, to deter-
mine the distances to the sources for luminosity calculations. Parameters of interest,
specifically the temperature and luminosity of the plasma (and by necessity, the model
normalization), are reported with 90% confidence error bars. For simultaneously fit spec-
tra, we report the average luminosity (weighted by the number of counts) determined
from the model fits. Note that in the case of HCG 59, the peak in energy of the X-ray
emission is very poorly constrained; therefore we fix the temperature to the best-fitting
value prior to determining the error in the model normalization. Furthermore, we do not
consider the best-fitting value to be representative of the real temperature and simply
report it as < 1 keV, however we do use the temperature result of the model fit for
qualitative purposes in the figures below. We present the temperatures and luminosities
derived from the fitted models, as well as goodness of fit estimations, in Table 2.2.
2.4 Results and Discussion
We identify hot di↵use gas in seven of nine groups (HCGs 16, 31, 42, 59, 62, 90, and 92)
in our X-ray sample. Of the detected groups, di↵use emission in HCG 31 has not been
reported in previous studies. Both of the two groups without detections, HCGs 73 and 22,
have low to negligible star formation without much evidence of strong tidal interactions
in the past few Gyr (e.g., Konstantopoulos et al. 2010). In the detected groups, the tem-
peratures are all fairly similar (0.6–0.72 keV not including the hot component of HCG 62
or the anomalously low temperature of HCG 59, which is very poorly constrained), while
the range in X-ray luminosities spans 1040.37–1042.18 erg s 1. The morphology of the hot
3A deeper 49 ks XMM observation (PI: Belsole) of this group exists, but no results have been published
at the time of this writing. A brief inspection of the data shows several dozen point sources and large-
scale di↵use emission across the field of view of the EPIC camera (⇠5 times the angular size of HCG 7).
The sensitivity of XMM to cool, extended gas complicates the interpretation of this emission as either
related to the group or part of the SXRB. Results from this and other XMM data will be included in
subsequent papers.
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gas ranges from isolated around individual group members to common X-ray halos (e.g.,
HCGs 16 and 62, respectively), as well as gas bridges connecting galaxies (HCGs 59 and
90; see Section 2.4.1). In Figures 2.2–2.7, we plot all values derived from model fits for
multiple observations that could not be merged prior to fitting.
Table 2.3 lists relevant information about each of the groups in our sample. Included in
the table are the group redshift and 3K CMB velocity, the calculated velocity dispersion,
number of main group members, the number of galaxies used in the velocity dispersion
calculation, the number of E/S0 type galaxies that are not considered dwarf members, the
specific star formation rate from Tzanavaris et al. (2010), the total H i mass from Verdes-
Montenegro et al. (2001) and Borthakur et al. (2010), the dynamical mass determined
from the group velocity dispersion and mean two galaxy separation taken from Hickson
et al. (1992), and the group H i evolutionary type defined by Johnson et al. (2007)
(see Section 2.4.3 for a full description). We will continually refer back to these data
throughout the figures and discussion that follow.
The nine groups in our sample were also observed with ROSAT and the results pre-
sented by Ponman et al. (1996). We compare our temperatures and luminosities derived
from fitting the extracted spectra from the Chandra data with those also detected by
Ponman et al. (1996) (i.e., HCGs 16, 42, 62, 90 and 92) in Table 2.4. Rather than di-
rectly compare the luminosities, we calculate the fluxes of the sources, which removes
the dependence of the assumed cosmology. The redshifts used in the flux calculation
for the ROSAT data are the same as those listed in the redshift column of Table 2.3.
Note that Ponman et al. (1996) give errors in the luminosity and temperature at the 1 
level. For the temperature in HCG 62, we use the luminosity-weighted average of the
two plasma temperatures, while the fluxes in HCGs 62 and 92 are based on the average
of the luminosities weighted by total counts in the di↵erent Chandra obsIDs, therefore
the percent errors on these values seem quite large because of the compounding of errors
from multiple measurements. In all cases, the luminosity of the X-ray emission from the
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ROSAT data is found to be brighter in the Ponman et al. (1996) study. When comparing
the temperatures we determined against those from Ponman et al. (1996), we find that
HCGs 62 and 90 are consistent between the two studies, while HCG 16 is significantly
hotter, and HCGs 42 and 92 are significantly cooler than previously reported. The mean
temperature of the groups detected in both studies is 0.70 and 0.72 keV with standard
deviations of 0.25 and 0.14 keV in Ponman et al. (1996) and this study, respectively.
The temperature discrepancies are likely due to the di↵erence in the PSF of ROSAT
PSPC instrument compared to the Chandra ACIS camera. Specifically, the detection
and subtraction of point sources in the di↵use emission is much more robust using Chan-
dra data, and point sources contaminating the extracted spectrum would alter the peak
of the emission leading to an incorrect estimation of the hot gas temperature. We also
note that Ponman et al. (1996) attempted to subtract the di↵use X-ray contribution of
the individual group members and interpolate over the ‘holes’. This, combined with dis-
tinctions in the extraction regions and the responses of the ROSAT PSPC and Chandra
ACIS instruments, may explain the di↵erences in the results.
2.4.1 Gas Distribution and Morphology
Figure 2.2 shows the smoothed di↵use X-ray emission in the CGs included in our study.
To construct the X-ray maps, we smoothed the level 2 events files in the range of 0.5–
2 keV using the adaptive smoothing csmooth algorithm. Pixels with S/N > 3 above the
stowed background were smoothed with a Gaussian kernel with smoothing scales between
2 and 10 pixels. From the figures, we note that the hot gas in compact groups exhibits
varied morphologies including small halos around one or several galaxies, plumes centered
on particular group members, tidal bridges, and large common halos encompassing most
of the group.
The maps were qualitatively assessed by eye to categorize the observed X-ray emission
as either associated with the environment or the individual group members. Of the nine
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CGs included in our study, we do not detect di↵use emission from HCGs 7 and 22.
From those groups detected with Chandra, only HCG 62 has emission that permeates
the IGM, while HCG 42 has a bright X-ray halo centered on the brightest group galaxy
(i.e., 42A). We consider these two groups indicative of systems with X-ray emission similar
in morphology to clusters. The other groups, HCGs 16, 31, 59, 90, and 92 (excepting
the shock front in the case of HCG 92), are those in which the hot gas is associated
with the individual galaxies. Mulchaey (2000) noted that previous X-ray telescopes
did not have the requisite spatial resolution to separate the intragroup gas from the
galaxy-linked emission; however, the resolution of Chandra is well suited to this task.
Futhermore, we join Tamburri et al. (2012), who presented a Chandra study of HCG 79
(also known as “Seyfert’s Sextet”), in speculating that perhaps many compact groups
exhibit galaxy-linked X-ray emission rather than a hot intragroup medium associated
with the environment. Throughout the remainder of the paper, unless explicitly stated,
we discuss the galaxy- and environment-linked di↵use X-ray emission together as they fit
into a larger picture of group evolution, i.e., from dynamically unevolved systems with
X-ray emission confined to the galaxies to more evolved systems with a single X-ray halo.
We stress that it is di cult to disentangle the galaxy- and group-linked emission in the
data as this distinction is not always clear, as in the emission surrounding HCG 42A.
In the specific case of HCG 16, the group contains two members (C and D) with
hot gas plumes that are coincident with extended H↵ emission (see Figure 2.1). Both
galaxies show clear signs of recent interactions (e.g., disturbed velocity fields; gas/stellar
disk misalignments; Mendes de Oliveira et al. 1998; a common H i envelope surrounding
the group; Verdes-Montenegro et al. 2001) and are strong starbursts with SFRs of 14 and
17 M  yr 1, respectively, and SSFRs of ⇥10(2 3)-10 yr 1 (Ribeiro et al. 1996; Tzanavaris
et al. 2010). Rich et al. (2010) used integral field spectroscopy to demonstrate that
the motions of the gas and the optical emission-line profiles of 16D are indicative of
an M82-like superwind due to the intense starburst within the galaxy, and that 16D
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Figure 2.1: Three color image of HCG 16. Red and green represent H↵ and R-band
data from CTIO (Meurer et al. 2006), respectively, while blue is the smoothed soft (0.5–
2.0 keV) X-ray emission from Chandra. North is up and East is to the left in the image.
The scale bar indicates 10. The pink color in the nucleus of galaxy A and surrounding
galaxies C and D is caused by the overlapping of H↵ and X-ray emission. Galaxy D
exhibits a biconical gas distribution centered on its nucleus, while ionized gas surrounds
galaxy C with an elongation along the North-to-South axis.
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Figure 2.2: Smoothed 0.5–2.0 keV X-ray contours of groups in our sample. The event files
were smoothed using the CIAO task csmooth with the minimum significance set to 3 
above the stowed background scaled by the 9–12 keV count rate. The minimum and max-
imum smoothing scales used were 2 and 10 pixels, respectively. In all images, the dashed
blue line and red crosses correspond to the extraction region used (see Appendix A) and
the locations of the X-ray point sources that were excised from the analysis (but retained
in the smoothed X-ray data), respectively. The optical images are DSS POSS2 survey
red filter data. Contour levels in counts follow in the captions for each group. HCG 7:
0.1, 0.2, 0.3.
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Figure 2.2: Continued. HCG 16: 0.1, 0.5, 1, 3, 5, 10. HCG 22: 0.1, 0.2, 0.3.
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Figure 2.2: Continued. HCG 31: 0.2, 0.5, 1, 3, 5. HCG 42: 0.5, 1, 3, 5, 10.
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Figure 2.2: Continued. HCG 59: 0.2, 0.5, 1, 3, 5, 10. HCG 62: 3, 6, 10, 15, 30, 50.
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Figure 2.2: Continued. HCG 90: . HCG 92: 0.5, 1, 2, 5, 10.
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and M82 share some similar properties (e.g., metallicity, LIR, LH↵). Based on its high
star formation rate and extended emission-line gas, 16C may represent a second M82-like
starburst in the HCG 16 group, possibly triggered by a recent (. 1 Gyr) tidal interaction
with 16A similar to the encounter between M81 and M82 ⇠220 Myr ago (Gottesman &
Weliachew 1977; Konstantopoulos et al. 2009). Furthermore, Jeltema et al. (2008) found
evidence for a weak soft X-ray bridge connecting galaxies 16A and B indicating a recent
tidal interaction between these group members as well.
Further examining the morphology of the hot gas and its relation to the galaxies in the
compact groups, we find that the gas in low dynamical mass (. 1012.5 M ) groups with
low velocity dispersions (< 250 km s 1) is concentrated around the individual group
members, while gas in relatively higher mass systems with larger velocity dispersions
begins to resemble a common envelope.
2.4.2 The LX   T and LX     Relations Re-visited
Previous work has examined the relationships between the X-ray luminosity and both the
plasma temperature and the cluster/group velocity dispersion in systems of galaxies (e.g.,
Ponman et al. 1996; Mulchaey & Zabludo↵ 1998; Wu et al. 1999; Helsdon & Ponman
2000; Osmond & Ponman 2004; Mulchaey et al. 2003). The cluster data have been found
to show very little scatter in LX   T and LX     space. However groups, with fainter
X-ray luminosities, have been found to exhibit a larger spread potentially due in part to
uncertainties in the measurements, or because they are not virialized systems (see below).
We merge the cluster data from Wu et al. (1999) and Zhang et al. (2011) for comparison
to the CGs. Prior to merging, we first adjusted the Wu et al. (1999) data to our assumed
cosmology, while Zhang et al. (2011) used the same cosmology as that assumed in this
paper. When comparing the cluster data to the compact groups in LX   T space, we
only include the 176 clusters with uncertainties in both LX and temperature. This same
criterion, with respect to velocity dispersion rather than temperature, is applied to the
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cluster data when comparing the groups and clusters in LX     space, resulting in 142
clusters in this sample. We note that the Zhang et al. (2011) clusters are measured to
r500 (i.e., the radius at which the average density falls to 500 times the critical density
at that redshift), and the extraction regions used in this work vary between 26% and
69% of r500. It is unclear to what radius the Wu et al. (1999) clusters were measured,
however the authors state that they used a   model to correct all of their data to the
same fraction of the virial radius.
Figure 2.3 shows the LX   T relationship for the groups and the clusters from Wu
et al. (1999) and Zhang et al. (2011). Using linear regressions described by Akritas &
Bershady (1996), we fit the clusters in LX   T space not including the compact groups.
For this fit, we use the orthogonal distance regression (ODR) fitting method, which finds
log10(LX) = (42.2±0.2)+(3.33±0.20) log10(T ), where LX and T are in units of erg s 1
and keV, respectively. Examining Figure 2.3, we find that HCGs 31, 42, 59, and 92 agree
with the LX   T cluster relation within the errors. We note that HCG 62 lies slightly
above the the cluster relation (i.e., it is brighter for its temperature). HCGs 7, 16, 22,
and 90 lie below the LX   T relation from the clusters.
Figure 2.4 shows the LX   relation for the groups in our sample. Velocity dispersions
were calculated using the most accurate velocities available from NED for the CG mem-
bers including additional known group members primarily from the large spectroscopic
surveys of de Carvalho et al. (1997), Zabludo↵ & Mulchaey (1998), and Zabludo↵ &
Mulchaey (2000) (see Table 2.3 for full velocity references). Velocity errors for individual
group members were typically . 30 km s 1. Again, we compare our compact group data
with the cluster data taken from Wu et al. (1999) and Zhang et al. (2011) using a linear
least-squares fit. We chose this type of fit because the ODR method used in the LX   T
diagram showed strong systematics in the residuals of the cluster data. The resulting
best fit is log10(LX) = (33.7± 0.6)+ (3.70± 0.21) log10( ), where LX and   are in units
of erg s 1 and km s 1. We find that two of our CGs (HCGs 16, 31) agree with the LX  
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Figure 2.3: The LX   T diagram for compact groups (black filled circles). The solid line
indicates the best fit to the cluster data (gray crosses) from Wu et al. (1999) and Zhang
et al. (2011) using an orthogonal distance regression (ODR) fit to 176 clusters, while
the dashed lines represent the errors on the fit. We plot the two plasmas in HCG 62 as
one data point using the luminosity-weighted average of the temperatures from Table 2.4
and the total X-ray luminosity. The temperature of HCG 59 is very uncertain due to
the poorly defined peak in the X-ray spectrum, and we conservatively estimate it to be
<1 keV, however we include the best-fitting temperature from the MEKAL model here
in the LX   T diagram for qualitative purposes. The best fitting cluster relation agrees
with HCGs 31, 42, 59, and 92 within the errors, while HCG 62 agrees lies within the
scatter in the cluster data. We do note most of the compact groups lie systematically
below the cluster fit.
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Figure 2.4: The LX     diagram for compact groups. Due to the inaccuracy in the
velocity dispersions for systems with a small number of components, we plot filled black
circles to indicate groups for which 6 or more galaxies were used to compute the velocity
dispersion, while open triangles represent groups below this threshold. The solid line
indicates the best fit to the clusters using a linear-least squares fit to the 142 clusters
taken from Wu et al. (1999) and Zhang et al. (2011) (gray crosses), while the dashed lines
represent the errors on the fit. The best fitting cluster relation agrees with HCGs 16, 31,
and 62, while HCGs 7, 42, 59, 90, and 92 lie below the fit. We note that the agreement
of HCGs 16 and 31 with the cluster fit is likely coincidental because the emission in these
systems is largely due to star formation rather than virialization, therefore they should
not necessarily agree with the fit to the cluster data.
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relation from the galaxy clusters within errors, while HCG 62 is similar to the clusters
within the scatter. In the cases of HCGs 16 and 31, this agreement is likely coincidental
because the LX    relation is predicted from the Virial theorem to be LX /  4, and the
bulk of the hot gas in these systems is clearly due to star formation. We do note, however,
that for groups in which dynamical processes are increasingly important in heating the
gas (i.e., HCGs 42, 59, 62, 90, and 92), there does appear to be a monotonic increase in
the X-ray luminosity with increasing velocity dispersion, albeit with some scatter.
Ponman et al. (1996) hypothesized that higher temperatures for a given LX than
would be expected from the cluster LX  T relation for compact groups could be a result
of the injection of energy into the IGM from galactic winds, while Ponman et al. (1999)
suggested that the observed deviation of the galaxy group X-ray luminosities from the
established cluster scaling relations could be explained by preheating of the IGM by
supernovae. In the preheating model, heating of the gas in the IGM occurs early in the
lifetimes of groups and similarly steepens the LX  T relation for these systems. Despite
groups such as HCG 16 where star formation may play a more prominant role, the
existence of X-ray brighter groups (i.e., HCGs 42) below the LX   T scaling relation for
clusters indicates that galaxy winds alone are unlikely to explain the observed deviation.
However, the observed dichotomy in X-ray gas morphology (i.e., galaxy- vs. environment-
linked emission) may indicate that the low-mass, low velocity dispersion systems are
dynamically unevolved and have shallow potential wells that are unable to heat any
neutral gas that has been liberated from the group members. In these systems, the role
of individual galaxies may be more important in heating gas through local (e.g., star
formation, superwinds, and accretion) rather than global processes (e.g., virialization).
As systems accrete more mass or as the system relaxes, the potential well will deepen
and the contribution of individual group members to the di↵use X-ray emission should
lessen.
After attempting to subtract the X-ray emission associated with the group members
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in HCGs, Ponman et al. (1996) found that the LX     relation was flattened compared
to the clusters (i.e., the rate of change in LX as a function of   was slower for groups
than for clusters), similar to the dell’Antonio et al. (1994) Einstein study of rich groups4,
as well as a subsequent study of CGs by Helsdon & Ponman (2000). The morphology
of the hot gas in CGs may provide an explanation for the groups that disagree with the
LX  T and LX    relations derived from galaxy clusters. As discussed in Section 2.4.1,
the hot IGM that permeates HCG 62 and the X-ray bright halo centered on HCG 42A
have morphologies that are qualitatively similar to the hot gas observed in the cluster
environment, i.e., where the gas has been heated by virialization. In the remaining
groups, the only di↵use X-ray emission we detect is associated with the individual galaxies
rather than the group environment itself. This suggests that the gas is not in hydrostatic
equilibrium within the group, and therefore the temperature and luminosity of the total
X-ray gas in the system does not trace the group potential as it does in the galaxy
clusters.
For completeness, we compare our sample of compact groups to studies of the X-ray
scaling relations in both normal (i.e., those that are not compact) and fossil groups.
With respect to the LX   T relationship, Khosroshahi et al. (2007) and Harrison et al.
(2012) noted that fossil groups match well with both clusters and normal groups. Only
three of the compact groups presented in our study (HCGs 42, 62, and 92) agree well
with the cluster scaling relation within the scatter, though HCG 92 is dominated by
emission from a strong shock. The remaining CGs at T . 0.65 keV fall below the best
fit to the cluster data. In LX     space, Rines & Diaferio (2010) showed that normal
groups did not deviate from the relation for clusters, while Khosroshahi et al. (2007)
found that fossil groups are consistent with the best fit to the cluster data, though more
X-ray luminous than the normal groups in their sample. Our sample of compact groups
4While dell’Antonio et al. (1994) did not subtract the galaxy-linked emission from their data, they
did avoid using data in instances where the hot gas was clearly associated with only galaxies and not
the group environment.
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fall systematically below the observed LX     relation for clusters with the exceptions
of HCGs 16 and 31, which are dominated by vigorous star formation. This may be in
agreement with the interpretation of merging systems being X-ray underluminous for
their velocity dispersions (e.g., Rasmussen et al. 2006; Popesso et al. 2007). We caution
the reader that in most cases the velocity dispersions of the groups are measured from
very few galaxies, therefore they likely do not accurately represent the three dimensional
dispersions that are assumed by the LX     relation.
Based on the discrepancies between the compact groups and the X-ray cluster scaling
relations, we postulate that systems similar to the low-mass, X-ray faintest groups in our
study should not be considered analogs to clusters, with the possible exception of HCG 62,
which lies close to the cluster data in both LX   T and LX     within the scatter. It is
important to note that this dissimilarity between the low-mass groups and clusters does
not preclude these systems from becoming more cluster-like if they somehow become
similar to the more massive, rich groups in our sample (e.g., by accreting additional
members and continuing strong interactions to liberate gas into the IGM). However, it
is unlikely that rich groups today formed from poor groups like those observed in the
current epoch. Therefore the exact mechanism whereby the poor groups in our sample
could become more cluster-like remains unknown. We do note, however, that there could
be extended, faint emission that is undetectable in the available data (e.g., the X-ray
IGM of HCG 16; Belsole et al. 2003). Deeper observations may reveal cooler, lower
luminosity gas associated with entire groups rather than the galaxies, which could shed
light on the relationship between poor groups and more cluster-like systems.
2.4.3 Comparison of the X-ray Data with H i Gas
Previous work has shown that relatively H i rich compact groups contain galaxies that
exhibit mid-IR colors dominated by star formation with correspondingly high SSFRs
measured from UV+24 µm fluxes, while groups deficient in H i have more quiescent
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colors and low SSFRs (Johnson et al. 2007; Walker et al. 2010, 2012; Tzanavaris et al.
2010). This suggests an evolutionary sequence of compact groups in which the H i gas is
processed either through star formation or ionization by the group potential (the velocity
dispersions imply virial temperatures of ⇠0.08–0.3 keV; Verdes-Montenegro et al. 2001;
Johnson et al. 2007). Therefore, we expect that the most H i abundant groups should
have very weak di↵use X-ray emission, while the H i poor groups should have the brightest
X-ray luminosities. Furthermore, the morphology of the H i gas may dictate how it is
processed, i.e., through star formation or by virialization in the IGM in CGs with neutral
gas confined to the galaxies or stripped into the IGM, respectively (cf. Konstantopoulos
et al. 2010). Throughout this section, we use the H i abundance type notation from
Johnson et al. (2007). Types I, II, and III indicate decreasing H i abundance relative to
the group dynamical mass, respectively. Johnson et al. (2007) quantitatively define these
H i mass types as (I) log(MH i)/log(Mdyn)   0.9, (II) 0.9 > log(MH i)/log(Mdyn)   0.8,
and (III) log(MH i)/log(Mdyn) < 0.8. The H i evolutionary types for each group are listed
in the last column of Table 2.3.
We calculate the H i to dynamical-mass ratios for the CGs in our sample using
the most precise velocities available from NED, the two galaxy median separators from
Hickson et al. (1992), and total group H i masses from Green Bank Telescope, Arecibo
Observatory, and E↵elsberg 100 m Antenna single dish measurements by both Verdes-
Montenegro et al. (2001) and Borthakur et al. (2010)5. Subtypes based on the morphology
of the H i gas, which we qualitatively assessed from VLA observations, are included as
part of the proposed evolutionary sequence of compact groups (Konstantopoulos et al.
2010). Type A groups are those in which the neutral gas is confined to the individual
group members, while Type B groups have H i gas distributed between the galaxies and
not centered on any particular member(s). We first test the use of the H i to dynamical-
5The H i masses of HCGs 16 and 62 are lower and upper limits, respectively. The lower limit of the
mass in HCG 16 is due to the large angular size of the H i envelope, which extends beyond the Green
Bank Telescope beam.
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Figure 2.5: The H i gas mass ratio as a function of the main group member morphologies.
The H i mass relative to the group dynamical mass decreases as the fraction of E/S0
galaxies increases. The general trend of the data points indicates that CGs exhaust
their H i reservoirs (i.e., MHI . 0.1% Mdyn) when approximately 50% of the main group
members have E/S0 morphologies.
mass ratio as a descriptor for group evolutionary state by comparing it to the group
E/S0 galaxy fraction for the main galaxies. Using the H i mass to dynamical-mass
ratio to characterize the evolutionary state is preferred over the E/S0 fraction because
the mass ratio is a continuous distribution, while the E/S0 fraction values are discrete
due to the small number of relatively massive members in each group. To quantify
the relationship, we used the ASURV statistical package (Lavalley et al. 1992), which
implements the methods presented by Isobe et al. (1986), to compute the Spearman
rank correlation coe cient. This test measures how well the data are fit by a single
monotonic function. From Figure 2.5, we find that the H i mass normalized by the group
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Figure 2.6: Distribution of di↵use X-ray luminosity in CGs as a function of the ratio of H i
mass to dynamical-mass used in the evolutionary typing scheme defined by Johnson et al.
(2007). Neutral gas masses are taken from Green Bank Telescope, Arecibo Observatory,
and 100 m E↵elsberg Antenna single dish measurements by Verdes-Montenegro et al.
(2001) and Borthakur et al. (2010), while the H i morphologies are qualitatively assessed
from VLA interferometric observations, which we lack for HCGs 59 and 62. Note that
the values of the H i mass in HCGs 62 and 16 are upper and lower limits, respectively,
and the plotted H i mass ratio corresponds to these limits. Futhermore, uncertainties
in the H i masses from Verdes-Montenegro et al. (2001) are not available, therefore we
only plot error bars in the H i mass ratio for data from Borthakur et al. (2010). After
separating the groups by H i distribution subtype based on Konstantopoulos et al. (2010),
there appears to be a distinction in the X-ray luminosity between the two populations.
Due to the small number of groups in our sample, more data are required to concretely
determine if this di↵erence is real.
dynamical mass decreases with increasing E/S0 galaxy fraction (67% probability from
Spearman test). This result is expected if the H i to dynamical-mass ratio is indeed a
tracer of the evolutionary state of the system.
When we examine how LX changes with H i mass ratio, we observe that the H i
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poor Type III HCGs 42, 59, 62, and 90 are X-ray brighter compared to more H i rich
groups as expected if the gas has been processed by star formation or heated by the group
potential. Of the Type II groups, we note that HCG 92 appears to be nearly as bright as
the H i poor CGs, probably due to the shock front created by the high velocity intruder
galaxy in the group (e.g., Trinchieri et al. 2003; O’Sullivan et al. 2009). The only H i
rich Type I in our study is HCG 31, which contains di↵use X-ray emission linked to star
formation activity. Figure 2.6 shows the X-ray luminosity as a function of the H i mass
ratio. From the figure, we can see that compared to the hot gas in other Type III groups,
HCGs 59 and 90 are 1–2 orders of magnitude fainter than the remaining H i-poor HCGs.
In the case of HCG 90, this could stem from the exclusion of galaxy A from the X-ray
analysis due to its bright Seyfert 2 nucleus (see Appendix A), however it is unlikely that
including the di↵use emission from 90A would increase the total group luminosity by an
order of magnitude to bring it to the level of the brighter Type III groups.
From Figure 2.6, we note that if we include the H i distribution subtypes of the
groups, then there may be two distinct trends between the total di↵use X-ray luminosity
and the H i evolutionary type. Specifically, the Type A groups (H i confined to galaxies)
appear to be consistently less luminous in X-rays compared to Type B groups (H i
in the IGM). Based on this tentative result, it is reasonable to predict that HCG 62
should have any remaining H i dispersed throughout its IGM, while H i gas in HCG 59
should be mostly contained in and around its group members. However, we note that
this result is preliminary and that more data are required to quantitatively assess the
likelihood that the two H i gas morphologies are distinct populations in X-ray luminosity.
If we assume these H i morphology classifications for HCGs 59 and 62 to increase the
number of data points in each sample to the minimum required, a two sample K-S test
gives a 95% probability that the H i subtypes are two distinct populations in X-ray
luminosity. To examine how our assumption concerning the H i subtypes of HCGs 59
and 62 influenced the test, we perform a second K-S test in which we switch the H i
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Figure 2.7: X-ray luminosity as a function of the specific star formation rate for the
seven groups with SSFRs from Tzanavaris et al. (2010). The groups primarily fall into
two classes: quiescent, X-ray brighter systems (solid box); and star-forming, X-ray fainter
systems (dotted box). The boxes are only used to identify the groups in these two regimes,
therefore the absolute positions and sizes of the boxes in the figure do not necessarily
carry physical meaning. At the low and high SSFRs, the processes that give rise to the
X-ray emission are dominated by the group potential and local means (e.g., superwinds),
respectively.
morphology classifications for these groups (i.e., HCG 59 has intragroup H i, while 62
has H i only in the galaxies). This results in an 12% probability that the two H i
morphologies represent distinguishable populations in LX . Due to the small sample size,
we cannot determine if this distinction is statistically significant, and further data are
required to clarify this phenomenon.
We note that the mix of galaxy morphologies in the groups complicates the comparison
of the H i and X-ray gas. However, Verdes-Montenegro et al. (2001) and Borthakur et al.
(2010) reported on the observed H i masses in these groups and the predicted H i masses
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based on the group member luminosities and morphologies using relations from Haynes
& Giovanelli (1984) who examined H i in a sample of isolated galaxies. From this, we can
compute H i deficiencies for the groups in our sample, where deficiency describes the ratio
of the H i mass observed to that predicted (in contrast to our use of H i rich and poor,
which describes the relative neutral gas mass normalized to the dynamical mass). Using
the nomenclature of Borthakur et al. (2010) (i.e., “heavily” deficient, “slightly” deficient,
and normal groups contain < 1/3, between 1/3 and 2/3, and > 2/3 of their predicted
H i, respectively) we find that the X-ray fainter groups are either heavily deficient (7,
22, and 90) or normal (59) groups, while the brightest groups are either slightly deficient
(16, 31, 626, and (92) or normal (42) groups.
Because the gas is not in hydrostatic equilibrium (as indicated by the di↵use X-ray
morphology; see Section 2.4.1), and in many cases linked to the individual group members
rather than the environment, we cannot use the temperature to calculate the group
hot gas mass (such a procedure assumes hydrostatic equilibrium in three dimensions).
However, if we did assume that the gas is in hydrostatic equilibrium, then the narrow
range of temperatures implies a similarly narrow range of masses (Fabricant et al. 1980).
The X-ray contours in Figure 2.2 make this unconvincing due to the extremely large
number densities and/or metal abundances necessary to make the hot gas masses of
groups such as HCG 16 similar to ones such as HCGs 90 or 62. If we instead hypothesize
that the X-ray gas mass is proportional to the bolometric X-ray luminosity, i.e., that
there exists a LX  MX relation for groups (as in Zhang et al. 2011 for clusters), then
we can compare the relative X-ray luminosities of the groups as a proxy for their relative
hot gas masses. That the X-ray fainter groups for a given H i mass ratio are deficient
in H i and that all of the CGs have similar X-ray temperatures suggests two scenarios:
either (1) additional X-ray gas has too low surface brightness to detect in the available
data, or (2) some fraction of it is missing from the groups. If the H i was not converted
6This group is likely heavily deficient as its H i mass is actually an upper limit and the ratio of the
limit to the predicted value is 35% (Verdes-Montenegro et al. 2001).
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to hot gas, then where is the missing gas in compact groups? The least massive groups
in our sample have velocity dispersions that correspond to virial temperatures of only
⇠0.08 keV, however if the gas is cooler than the virial theorem implies, then it may be in
the form of a di↵use UV intragroup medium. Further data are required to fully explore
this phenomenon.
2.4.4 Di↵use X-ray Emission and Specific Star Formation Rates
We also compare the X-ray emission of seven groups in our sample to the total group
SSFRs for the main group members calculated from the UV+24 µm fluxes measured by
Tzanavaris et al. (2010) with corrections from Tzanavaris (2012, private communication)
in Figure 2.7, and find that there is a distinction in LX for detected groups on either side
of the SSFR gap (data are not available for HCGs 90 and 92). We exclude dwarf group
members with measured SSFRs because HCG 31 is the only CG in our sample that has
such measurements of its dwarf population, which increases the total group SSFR by
several orders of magnitude due to the combination of relatively low to moderate SFRs
and small stellar masses in star-forming dwarf galaxies. In our sample, CGs containing
star-forming galaxies all share similar X-ray luminosities and are 1–2 orders of magnitude
fainter than groups with low total SSFRs. This may indicate an “X-ray gap” analogous
to the SSFR and mid-IR color gaps found by Tzanavaris et al. 2010 and Walker et al.
2010, 2012. We note that HCGs 7 and 22 have SSFRs that lie within the gap range of
(0.3  1.8)⇥ 10 11 yr 1, and neither has any detected di↵use X-ray emission.
The brighter LX values associated with the low SSFR groups are due to the ad-
vanced evolutionary stage of these environments. HCGs 42 and 62 have very low H i
to dynamical-mass ratios, while simultaneously their relatively massive galaxies are en-
tirely E/S0 types. From the evolutionary scenario presented by Verdes-Montenegro et al.
(2001), and the fact that compact environments are favorable to the tidal stripping of gas
from galaxies (Freeland et al. 2009), we should expect that these older compact groups
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have removed the cool gas from the galaxies and heated it in the intragroup medium.
Conversely, the star-forming groups HCGs 16, 31, and 59 have relatively faint X-ray
emission associated with them. These groups also all exhibit only galaxy-linked emis-
sion, as expected from their relatively young evolutionary states. Finally, neither of the
intermediate SSFR groups, HCGs 7 and 22, are detected by Chandra. From the figure,
we find that there are two possible evolutionary scenarios with respect to the total group
SSFR: (1) the groups move from the lower right portion of Figure 2.7 to the upper left,
i.e., star-forming and X-ray fainter to quiescent and X-ray brighter, though perhaps not
monotonically; or (2) there exists at least one more evolutionary track in which star for-
mation in CG galaxies declines while gas is not stripped from the disks and/or heated.
In particular, studies of groups similar to HCGs 7 and 22 may provide further insight.
2.5 Summary
We detect di↵use X-ray emission in seven of nine of the CGs in our sample with temper-
atures ranging from 0.6–0.72 keV and bolometric X-ray luminosities between 1040.4 and
1042.2 erg s 1. The groups exhibit a wide range of velocity dispersions (56–343 km s 1),
log10(MH I)/ log10(Mdyn) (0.70–0.97), and morphological fractions from spiral-only groups
to systems rich with E/S0 galaxies.
Based on the hot gas morphologies, we find that the X-ray emission likely arises
due to both local processes (i.e. star formation, nuclear activity, and tidal interactions)
and global processes (i.e., heating by the group potential). In dynamically unevolved
(i.e., low-mass, low velocity dispersion) systems, the observable di↵use X-ray emission is
dominated by local processes. The X-ray brighter groups (for a given H i mass ratio)
have emission that stems from both an extended di↵use component (i.e., a true intragroup
medium) and galaxy-linked emission, while emission detected in the X-ray fainter groups
is only associated with the individual galaxies.
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HCGs 31, 42, 59, and 92 have X-ray luminosities in agreement with the predicted
values from the LX T scaling relation from clusters, though the error in the temperatures
of HCGs 31 and 59 are large. Furthermore, HCGs 16 and 31 agree with the LX    
relation. In both LX   T and LX    , HCG 62 appears to lie within the scatter of the
cluster data and is similar to fainter LX clusters. The agreement between HCGs 16 and
31 with the LX   relation are likely coincidental because the scaling relation is predicted
from the Virial theorem (i.e., LX /  4), and the X-ray emission from these two systems
is clearly dominated by star formation rather than virilization. When the groups disagree
with the cluster scaling relations, particularly in LX     space, this indicates that the
groups are not simply scaled-down analogs to galaxy clusters. Furthermore, given that
the hot gas in the low-mass (i.e., low velocity dispersion) systems is found to be isolated
to the group members rather than throughout the intragroup medium, we conclude that
galaxy clusters are not a proper comparison class of objects for these groups (noting the
possible exception of HCG 62).
We also find that there may be a relationship between LX and how the H i gas is
distributed: preliminary evidence suggests that CGs with gas stripped from the galaxies
are brighter in X-rays than groups with H i confined to the members, possibly due to
strong multi-galaxy interactions that dispersed neutral gas into the intragroup medium
and triggered star formation. However, the X-ray faintest groups are also more heavily
deficient in H i implying that there may be some fraction of missing gas, possibly too
cool to emit in X-rays or with too low surface brightness to detect. Finally, we note
that groups dominated by local heating mechanisms have high UV+24 µm specific star
formation rates, while groups with gas heated by the group potential have low SSFRs.
The values of LX between these two categories spans ⇠2 orders of magnitude and may
indicate the presence of an “X-ray gap” in CGs similar to the SSFR and mid-IR color
gaps found by Tzanavaris et al. (2010) and Walker et al. (2010, 2012).
The faintest LX groups appear to be at very early stages in their evolution, perhaps
93
coming together for the first time as is indicated by their low fractions of E/S0 galaxies.
The influence of multi-galaxy interactions on liberating neutral gas from the galaxies
and depositing it into the intragroup medium early in the group lifetime (e.g., as seen
in HCG 16) appears to have an e↵ect on the ability of these groups to evolve into more
cluster-like systems with respect to the hot gas distribution (e.g., HCG 62).
2.5.1 Future Work
Expanding the sample with appropriate observations of groups from the Chandra and
XMM-Newton archives is the logical next step. This will give us a larger sample with
which to study the relation between the hot gas and the evolution of group environment
(e.g., how the X-ray luminosity varies with H i mass ratio). Furthermore, continuing to
examine the di↵erences between compact, loose, and fossil groups will demonstrate how
e cient the compact environment processes gas. Inclusion of multiwavelength data will
help to facilitate comparison of the hot gas to gas in cooler states (e.g., cold molecular).
HCG 16 in particular is an interesting group worth more study; the presence of two
potential M82-like superwinds in a single system presents an interesting case study for
tidally induced star formation and how superwinds drive hot gas into the intragroup
medium.
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Chapter 3
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3.1 Introduction
In the local Universe, the majority of galaxies exist in gravitationally bound systems, i.e.,
in groups or clusters (e.g., Tully 1987; Small et al. 1999; Karachentsev 2005). Cosmolog-
ical ⇤CDM models would imply that in rich groups and clusters of galaxies the fraction
of baryons in stars may be as little as 20% (Borgani et al. 2004), while observations
indicate a value closer to 10% (e.g., Balogh et al. 2001; Lin et al. 2003). The remaining
100
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baryons are in the form of gas in various states, i.e., molecular, neutral, or ionized. In
rich clusters, ram-pressure stripping and harassment of gas-rich galaxies deposits vast
quantities of neutral gas into the intracluster medium (ICM), providing material for a
virialized X-ray halo (cf., Gunn & Gott 1972).
In galaxy clusters, the hot ICM is already largely developed, therefore we must look
to the building blocks of clusters to examine the early stages of the growth of the hot gas
halos. Compact groups (CGs) have high galaxy number densities similar to the cores of
rich clusters, and they are expected to experience enhanced tidal encounters and mergers
compared to loose groups while their low velocity dispersions lengthen the timescales
over which these encounters occur relative to clusters. These systems provide excellent
laboratories to study the e↵ects of galaxy interactions on the build-up of hot gas halos in
low-mass groups of galaxies, which are the building blocks of rich clusters (Peebles 1970;
Gonzalez et al. 2005).
Several studies have investigated the X-ray properties of CGs and specifically the
di↵use, hot gas in these systems (e.g., Helsdon et al. 2001; Desjardins et al. 2013; Fuse &
Broming 2013). The first comprehensive examination of di↵use X-ray emission in CGs
was performed by Ponman et al. (1996), in which the authors use X-ray observations
with the ROSAT Position Sensitive Proportional Counter (PSPC) to examine the group-
linked hot gas in a sample of 85 Hickson CGs (HCGs; Hickson 1982) of which 22 were
detected. The authors made e↵orts to mask the soft X-ray emission from the individual
galaxies and report that the remaining emission appears to be clumpy, suggesting that,
in contrast to clusters, the hot gas is not in equilibrium.
With the much improved spatial and spectral resolution of the Chandra Advanced
CCD Imaging Spectrograph (ACIS) compared to the ROSAT PSPC (angular resolutions
0.005 and 2500 FWHM, respectively), Desjardins et al. (2013) find that the detectable di↵use
X-ray emission in a small sample of nine HCGs have varied morphologies that range
broadly from linked to the individual galaxies to a true intragroup medium (IGM; not
102
to be confused with the intergalactic medium). The galaxy-linked emission is typically
associated with vigorous star formation, while hot gas in the form of an IGM is likely due
to virialization of the baryons by the group potential well. HCG 42 may be an exception
as it has a hot gas halo associated with the brightest group galaxy resembling a hot IGM
that appears small in extent, but which may extend farther than is detectable due to low
surface brightness.
In this study, we expand upon the analysis presented by Desjardins et al. (2013) using
Chandra ACIS archival observations of an additional 10 CGs, thus bringing the total
Chandra sample to 19 CGs when combined with Desjardins et al. (2013). We also utilize
Spitzer, Sloan Digital Sky Survey (SDSS), and Apache Point Observatory (APO) data
to characterize how the total CG stellar mass relates to the observed X-ray properties
of the groups. Section 3.2 describes the sample selection and the general characteristics
of the CGs in our study. In Section 3.3, we list the Chandra data reduction steps and
determine group stellar masses. Section 3.4 discusses our findings and their implications,
and Section 3.5 summarizes our conclusions. Errors are reported at the 90% confidence
level unless otherwise stated. For all calculations, we assumed the currently favored
cosmological parameters of ⌦M = 0.27, ⌦⇤ = 0.73, and H0 = 70 km s 1 Mpc 1 (Hinshaw
et al. 2013).
3.2 Sample Description
The selection criteria of HCGs and Redshift Survey CGs (RSCGs; Barton et al. 1996)
yield samples that are well suited for our study of the hot gas properties in dense galaxy
groups. The HCG catalog was compiled by searching Palomar Observatory Sky Survey
(POSS) data, which cover the sky at all declinations   >  27 , for groups with N   4
galaxies1 with magnitudes within 3 mag of the brightest group galaxy, ✓N   3✓G, and
1This requirement has been relaxed to N   3 due to the discovery that only 69% of HCGs have
N   4 accordant members, while 92% have N   3 (Hickson et al. 1992).
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µ¯G < 26 mag arcsec 2. In this definition, ✓N is the angular diameter of the largest
concentric circle that does not include non-member galaxies within 3 mag of the brightest
group galaxy, ✓G is the angular diameter of the smallest concentric circle that includes
the nuclei of all of the group members, and µ¯G is the surface brightness averaged over the
circle defined by ✓G. The last two criteria for the HCG catalog pertain to the isolation
and compactness of the groups, respectively. All photometric measurements were made
in the POSS E-band (most equivalent to the standard Johnson R filter), for which the
POSS observations are complete to m = 20.0 mag.
Barton et al. (1996) used the second Center for Astrophysics redshift survey (CfA2)
and second Southern Sky Redshift Survey (SSRS2) to identify a sample of CGs with
similar properties to the Hickson (1982) catalog. The CfA2 consists of a strip that covers
approximately 117 ⇥ 6  and is centered near the north Galactic pole (e.g., de Lapparent
et al. 1986), while the SSRS2 covers 1.3 steradians around the southern Galactic cap (da
Costa et al. 1994). Both surveys are complete to mB0 = 15.5 and Barton et al. (1996)
only consider galaxies in the line-of-sight velocity range 300  v  15000 km s 1. These
RSCGs are selected using a friends-of-friends algorithm in which groups with N   3
are considered RSCGs, and group members are found using V0  1000 km s 1 and
D0  50 kpc, where V0 and D0 represent the velocity di↵erence and projected separation,
respectively, between neighbor galaxies. Barton et al. (1996) chose the value of D0 to
most closely match the observed properties of the HCG sample.
Our sample consists of all HCGs and RSCGs available in the Chandra data archive
that are not part of our previous di↵use X-ray study presented by Desjardins et al. (2013)
and that are completely covered by the Chandra footprint. We then refine our sample by
comparing RSCGs with nearby galaxy clusters and removing those groups with projected
separations of < 1 Mpc and velocity di↵erences < 3  from a galaxy cluster. The group
mean position and velocity were used for comparison. This is necessary because we
wish to include only isolated CGs, and the RSCG catalog does not employ an isolation
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criterion similar to that of the HCGs. Due to the lack of such a criterion, the RSCG
catalog includes a number of dense environments misidentified as CGs, e.g., RSCGs 67
and 68 are in the core of the Coma Cluster. The criteria described above resulted in a
sample of 10 additional CGs in our study compared to Desjardins et al. (2013), which we
list in Table 3.1. We note, however, that Desjardins et al. (2013) did include HCG 42,
which is a high galaxy density region potentially located in a filamentary structure along
the line-of-sight (Konstantopoulos et al. 2013). Indeed, Dı´az-Gime´nez & Mamon (2010)
suggest that at best⇠ 85% of HCGs with more than four members are truly dense systems
rather than chance alignments. This leads to an estimate that 2–3 of the groups in our
sample may not be spatially dense, however some of our systems only have three galaxies,
which complicates this estimate. Further, our sample is not completely random as 16 of
the groups between our study and Desjardins et al. (2013) were selected to study X-ray
emission in the group environment (with HCGs 51 and 97 and RSCG 17 chosen because
they were known to be X-ray bright), while the remaining groups were observed to study
either X-ray emission in and around early-type galaxies or the supernova SN2006jc in
RSCG 31.
Another concern when studying CGs is the possibility of additional galaxies far from
the compact core, but still bound to the group. de Carvalho et al. (1997), Zabludo↵ &
Mulchaey (1998), and Konstantopoulos et al. (2010, 2012, 2013) examined the extended
populations of HCGs 7, 16, 22, 40, 42, 59, 62, 90, and 97 and RSCG 17 and found
that only HCGs 42, 62, and 90 and RSCG 17 had substantial populations of galaxies
outside of the core region, while HCG 97 is missing two relatively bright galaxies in the
HCG catalog. We therefore label these groups as lower-limits with respect to their total
group stellar masses in the figures throughout this work. For the remaining groups in
our sample, we used the NASA Extragalactic Database (NED) to search for additional
galaxies within the larger of r500 or 200 kpc in radius and ±1000 km s 1 of the group
mean velocity. The results of this search are show in Table 3.2. Note that we only
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Table 3.2: Extended Group Membership
Group r500a Galaxy mR Ang. Sep. Reference Dwarfs
(arcmin) (mag) (arcmin)
HCG 30 11.0 · · · · · · · · · · · · 0
HCG 31 12.5 · · · · · · · · · · · · 2b
HCG 37 11.7 · · · · · · · · · · · · 0
HCG 40 7.4 · · · · · · · · · · · · 2c
HCG 51 9.3 · · · · · · · · · · · · 7
HCG 68 13.6 · · · · · · · · · · · · 2
HCG 79 11.3 · · · · · · · · · · · · 1
HCG 92 14.5 · · · · · · · · · · · · 3
HCG 100 10.1 Mrk 935 14.28 1.8 1 0
RSCG 31 25.0 · · · · · · · · · · · · 1
provide detailed information on the luminous galaxies, and simply list the aggregrate
number of dwarfs in each group. To distinguish between luminous and dwarf group
members, we applied an absolute magnitude cut at  17 mag in the R-band. We further
required that the galaxy be within three magnitudes of the brightest group galaxy to
satisfy the Hickson (1982) selection criteria, as any galaxies failing this test would likely
be of little relative importance in determining total group properties. Finally, in some
cases, photometric data were missing in NED, and we examined publicly available optical
images by eye to compare the relative sizes of the galaxies on the sky (this resulted in
only dwarf galaxy classifications). Only HCG 100 excludes a relatively massive galaxy
in the Hickson catalog, while HCG 51 is missing 7 dwarf galaxies. We label these two
108
additional CGs as lower-limits in total group stellar mass in our figures. Note that for
CGs embedded within larger structures, we only consider the properties of galaxies that
make up the compact region. While this exclusion of the extended populations may seem
in error, Palumbo et al. (1995) examined the extended populations of the Hickson (1982)
sample and found that the compact cores and extended halos showed statistically di↵erent
properties (e.g., spiral fraction) indicating that the compact groups are “disconnected”
from their environments. Evidence of this distinction between CG galaxies and their
surrounding environment can be seen in the work of Johnson et al. (2007), Walker et al.
(2010), and Walker et al. (2012) who found a gap in the mid-IR color distribution of CG
galaxies suggestive of accelerated evolution attributed to the CG environment. Further,
the galaxies far from the compact cores are, in most cases, dwarf galaxies that do not
add significant stellar mass to the group. Dozens of such galaxies would be required
to significantly a↵ect our results. While the group members far outside the core may
also add substantially to the total group star formation rate, these members are not yet
impacted by ram-pressure stripping nor have they contributed much gas to the formation
of the intragroup medium, therefore we exclude them in the discussion of the link between
star formation and di↵use X-ray luminosity.
We also include a comparison sample of galaxy clusters from Wu et al. (1999) and
Zhang et al. (2011). We selected clusters from Wu et al. (1999) and Zhang et al. (2011)
for each of the LX   T , LX    , and     T relationships by including only clusters
that had published uncertainties for both values in each scaling relation (for further
details see Desjardins et al. 2013). The Wu et al. (1999) clusters are amassed from the
literature (see their Table 1 for the full list of references), and have redshifts z < 1 and
hzi ⇡ 0.1, temperatures 1 . T . 17 keV, velocity dispersions 150 .   . 2000 km s 1,
and X-ray luminosities 42 . log10(LX) . 46. The Zhang et al. (2011) measurements
use XMM-Newton observations of 62 of the 64 HIghest X-ray FLUx Galaxy Cluster
Sample (“HIFLUGCS”; Reiprich & Bo¨hringer 2002) galaxy clusters, which were originally
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identified using ROSAT X-ray data at Galactic latitudes of |`| > 20 . The clusters
from Zhang et al. (2011) have luminosities 42 . log10(LX) . 45 erg s 1, temperatures
0.7 . T . 15 keV, velocity dispersions 200 .   . 1000 km s 1, and a mean redshift of
hzi = 0.05. The X-ray properties of the Zhang et al. (2011) clusters are measured within
r500, while the Wu et al. (1999) clusters are taken from the literature and corrected to
a common radius using a   model. Though it is unclear what radius Wu et al. (1999)
used, it is reasonable to assume this correction was performed to r500.
3.3 Analysis
3.3.1 X-ray Observations
The Chandra observations are summarized in Table 3.3. Data were taken in either
FAINT or VFAINT mode with no gratings. We performed the calibration of the Chan-
dra data using the Chandra Interactive Analysis of Observations (CIAO version 4.5) tool
in conjunction with the CIAO calibration database version 4.5.5.1. Beginning with the
Level 1 events file, we processed the data using acis process events with corrections
for the charge transfer ine ciency and time-dependent gain. We used the status bits
in the Level 1 events file set by the standard data processing pipeline tasks destreak
and acis find afterglow. The pixel randomization normally used in the Chandra data
pipeline was removed to prevent degradation of the spatial resolution. A 0.005 pixel ran-
domization is necessary for data with exposure times of . 2 ks to compensate for aliasing
e↵ects, however the exposure times of the observations in our sample are typically far in
excess of this limit, therefore we omitted the randomization and recover the resolution
to subtract robustly the point sources from the di↵use emission.
For data taken in VFAINT mode, we applied the VFAINT cleaning algorithm, which
uses a 5⇥5 pixel event island, rather than the 3⇥3 island in FAINT mode, for the rejection
of cosmic rays. The VFAINT cleaning method has been shown to occasionally reject
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photons from bonafide X-ray point sources leading to underestimates of the associated
fluxes, however this does not impact our analysis of the di↵use emission. We then filtered
the data on the standard Advanced Satellite for Cosmology and Astrophysics (ASCA)
grades and selected only grades 0, 2, 3, 4, and 6 to produce the final Level 2 events file
for analysis.
Before examining the di↵use emission, we first excised the point sources from the
observations. We used the Mexican hat wavelet detection routine wavdetect (Freeman
et al. 2002) to search for point sources in the data. Multiple Chandra obsIDs were merged
using merge obs prior to running the detection algorithm to facilitate the detection of
faint point sources. The merged images were created after correcting the aspect solution
to compensate for small o↵sets in the World Coordinate System between the multiple
observations.
To detect robustly all of the point sources in the data, we followed a prescription
similar to that presented by Tu¨llmann et al. (2011). Specifically, we divided the data
into the energy ranges 0.5–2 (“soft”), 2–8 (“hard”), and 0.5–8 keV (“full”) with block 1,
2, 4, and 8 pixel spatial binning in each energy range. This produced 12 images on which
to run wavdetect. We generated a point-spread function (PSF) model for each position
on the CCDs of interest using the mkpsf routine in CIAO with an encircled energy
fraction of 95% at the midpoint of each energy range. The source significance threshold
was dynamically set such that there was approximately one false source detected per
wavelet scale in each image. Specifically, we used the falsesrc parameter in wavdetect
to allow the source significance threshold for each pixel to vary. However, we note that
individual, unbinned pixels cannot be used for source detection as wavdetect suppresses
fluctuations on scales smaller than the PSF. We chose wavelet scales for source detection
of 2n/2 for integers n such that 0  n  3. Our goal for the point source detection was to
be extremely conservative and reject all potential point sources because, if present in the
extracted spectra of the di↵use emission, they introduce strong biases in the results. We
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Table 3.3: Summary of Chandra ACIS Observations
Group ObsID Array Mode Exposure Date Previous
(ks) Publications
HCG 30 6977 S VF 29.7 2006-02-07 1, 2
HCG 37 5789 S VF 17.9 2005-01-13 1, 2
HCG 40 5788 S VF 33.2 2005-01-29 1, 2, 3
6203 S VF 15.0 2005-01-29 1, 3
HCG 51 4989 S VF 38.5 2004-02-15 2, 4–10
5304 S VF 13.0 2005-02-24 5, 6, 9
HCG 68 5903 S VF 4.5 2005-04-10 3, 11
HCG 79 11261 S VF 69.2 2010-05-20 12
HCG 97 4988 S VF 57.4 2005-01-14 1, 2, 9, 13
HCG 100 6978 I VF 27.8 2006-12-06 2
8491 I VF 17.8 2007-01-24 1
RSCG 17 2223 S F 30.4 2001-01-28 4, 5, 7, 9, 10, 14–28
Continued on Next Page. . .
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Table 3.3 – Continued
Group ObsID Array Mode Exposure Date Previous
(ks) Publications
RSCG 31 6729 S VF 54.5 2007-01-06 29, 30
8457 S F 9.8 2006-11-04 11, 29–31
9093 S VF 24.8 2008-01-20 30
10567 S F 5.1 2009-01-24 30–32
References: (1) Rasmussen et al. (2008); (2) Fuse & Broming (2013); (3) Cluver et al. (2013); (4) Kim et al. (2007b);
(5) Sun et al. (2009); (6) Sun (2009); (7) Dong et al. (2010); (8) Haggard et al. (2010); (9) Sun (2012);
(10) Trichas et al. (2012); (11) Liu (2011); (12) Tamburri et al. (2012); (13) Eckmiller et al. (2011);
(14) Diehl & Statler (2005); (15) Fukazawa et al. (2006); (16) Humphrey & Buote (2006); (17) Jetha et al. (2007);
(18) Kim et al. (2007a); (19) Diehl & Statler (2007); (20) Rasmussen & Ponman (2007); (21) Jetha et al. (2008);
(22) Jeltema et al. (2008); (23) Diehl & Statler (2008); (24) Wang et al. (2010); (25) Giacintucci et al. (2011);
(26) Matsushita et al. (2012); (27) Crain et al. (2013); (28) Heida et al. (2013); (29) Gibson & Brandt (2012);
(30) Ofek et al. (2013); (31) Immler et al. (2006); (32) Grier et al. (2011); (33) Smith et al. (2012)
then matched the resulting point source catalogs using an angular separation tolerance of
0.005, first selecting the smallest spatial binning scale in which the source was detected in
an energy band, ensuring the best centroid position for the source. These three catalogs
were then matched with the same tolerance across the energy bands choosing the sources
with the smallest PSF. This creates one point source catalog per compact group.
Extraction regions for the CGs were selected to include all of the member galaxies
as well as any obvious di↵use X-ray emission. As discussed by Desjardins et al. (2013),
the emission in most CGs is clearly not virialized, and therefore an extraction region
defined according to the virial radius (e.g., r500) is not physically meaningful in these
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systems. Larger extraction regions simply result in additional noise and lead to larger
uncertainties in our subsequent spectral-model fitting. Our extraction regions are defined
for each group in Table 3.4.
As by Desjardins et al. (2013), we used the ACIS stowed background data for deter-
mination of the instrumental background. We note that in groups with low signal-to-
noise, excess residual line emission was observed in the background-subtracted spectra at
⇠ 1.8 keV. A strong line at this energy is observed in the stowed background data, and
we attribute the excess emission in the science spectra to under-subtraction of an instru-
mental feature, e.g., the Si K line at 1.845 keV or the iridium edge in the 1.8–2.1 keV
range.
Events were extracted using the ACIS Extract (AE) software package2 (Broos et al.
2010, 2012). The point source catalogs for each group were input into AE for PSF modeling
using MARX version 4.4. The point sources were then excised from the events files prior
to extracting the CG spectra. Specifically, we used AE to create a circular mask for each
point source that enclosed 99% of the PSF, and then multiplied the mask radius by a
factor of 1.1 to ensure no contamination of the di↵use emission by the wings of the PSF.
In addition, the point source masks were also applied to the stowed background data for
the extraction of the background spectra. We used AE to generate response matrix files
and the CIAO tool mkwarf to create weighted ancillary response files using the weight
map extension of the spectral files.
Extracted spectra were then fit in XSPEC version 12.7.1 using a combination of fore-
ground absorption and a thermal plasma. Prior to fitting, we binned the spectra using the
HEASoft tool grppha such that each bin had a minimum of 20 counts; this ensures that
Gaussian statistics (i.e.,  2 fitting) may be used. The multiplicative Tuebingen-Boulder
interstellar medium absorption model (tbabs) was used to account for photoelectric ab-
sorption along the line of sight. For this purpose, we used the relative abundances from
2The ACIS Extract software package and User’s Guide are available at http://www.astro.psu.edu/
xray/acis/acis_analysis.html.
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Table 3.4: Extraction Region Parameters
Group J2000 Coordinates Shape Radius
↵  
HCG 30 4h36m25s.9 –2  500 14 500 Circular 4.04
HCG 37 9h13m36s.2 29  590 24 300 Circular 3.03
HCG 40 9h38m55s.2 –4  510 2 100 Circular 3.08
HCG 51 11h22m21s.8 24  170 39 500 Circular 3.05
HCG 68 13h53m36s.7 40  180 52 600 Circular 6.03
HCG 79 15h59m11s.5 20  450 26 200 Circular 4.01
HCG 97 23h47m25s.6 –2  190 5 600 Elliptical 3.07⇥3.00a
HCG 100 0h1m20s.0 13  70 2 800 Circular 3.05
RSCG 17 1h56m21s.6 5  370 53 600 Circular 3.07
RSCG 31 9h17m23s.4 41  570 17 700 Circular 4.03
a The position angle is 0 .
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Lodders (2003). The Galactic hydrogen column density was fixed to the value from the
weighted average of the Kalberla et al. (2005) H i maps using the HEASoft nH tool. The
thermal plasma was modeled using the MEKAL plasma model (Mewe et al. 1985, 1986;
Kaastra 1992, 1993; Liedahl et al. 1995; Kaastra & Liedahl 1995) with the ionization bal-
ance from Arnaud & Rothenflug (1985) and Arnaud & Raymond (1992). The low energy
resolution non-grating spectra are insu cient to determine plasma densities, therefore
we fixed the density in the model to a reasonable value of n = 1 cm 3. We calculated
the X-ray luminosities over the range 0.01–100 keV using a “dummy” response created
by the XSPEC command dummyrsp. The results of the best-fitting spectral models are
reported in Table 3.5.
In HCGs 51 and 97, and RSCG 17, the model overestimated the X-ray emission below
⇠0.7 keV. We used HCG 97 to test three di↵erent additional model components: (1) a
second MEKAL plasma; (2) a simple power law; and (3) additional absorption at the redshift
of the groups (ztbabs in XSPEC). The second plasma component of case (1) failed to fit
the observed flux at low energies; however, the power law and the additional absorption
produced nearly equal values of  2⌫ = 2.0 and 2.1, respectively. In both cases (2) and
(3), the temperatures were identical within the errors. In case (2), the power law had a
hard photon index of 1.4, which led to a higher luminosity compared to the additional
absorption model (log10[LX,pl]   log10[LX,ztbabs] = 0.41) due to increased flux at higher
energies. We chose to use the additional absorption component and find redshifted H i
column densities in HCGs 51 and 97, and RSCG 17 of 1.01⇥1021, 1.86⇥1021, and 4.93⇥
1020 cm 2, respectively, corresponding to H i masses of ⇠ 105 M . We note that HCGs 51
and 97 have very extended X-ray emission (see Section 3.4.1), and if the absorption
interpretation is correct, we may be detecting low-surface brightness cool gas on the near
sides of these systems. Indeed, this would be consistent with the H i upper-limit of
HCG 97 with Very Large Array L-band imaging (S. Borthakur, private communication).
The X-ray emission in RSCG 17 subtends a much smaller angle compared to HCG 97,
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but may still be explained with the low-surface brightness interpretation. Comparatively,
the inclusion of a hard power law component does not have a physical motivation, but
cannot be summarily ruled out because of the low signal at E & 3 keV.
If the number of X-ray photons associated with the CG was less than 3  above
the instrumental background, we classified such a source as a non-detection and used
a plasma temperature of T = 0.6 keV to set an upper-limit on the X-ray luminosity,
identical to the method presented by Desjardins et al. (2013). We use the definition of
  from Desjardins et al. (2013) such that   = [SB + (Asts/Abtb)B]
1/2, where SB is the
total counts in the source before background subtraction, B is the number of counts in
the background, A is the area of the extraction region, t is the integration time, and the
subscripts s and b represent the science and background observations, respectively.
Note that HCG 79, also known as Seyfert’s Sextet, lies at Galactic coordinates ` =
35.0  and b = 46.9  and is coincident with a portion of the North Polar Spur (NPS).
The NPS is a region of bright, soft X-ray emission associated with expanding supernovae
remnants (e.g., Cruddace et al. 1976; Borken & Iwan 1977; Iwan 1980; Miller et al.
2008), therefore making it more di cult to detect emission from HCG 79. In addition,
an X-ray bright background group or cluster of galaxies with z ⇠ 0.3 is located 0.06
to the northwest of HCG 79 (Palma et al. 2002; Tamburri et al. 2012). Rather than
spatially model and exclude the emission from this background source, we included it in
the spectral extraction and then modeled it with an additional plasma component.
3.3.2 Optical Data
To compare the di↵use X-ray and the relative, optical brightnesses of the two brightest
group galaxies in each CG (see Section 3.4.3), we used observations of HCGs 16, 19, 26,
33, 40, 42, 48, and 62, and RSCG 15, obtained on 18 January 2011 at the APO 3.5-meter
telescope using the Seaver Prototype Imaging camera (SPIcam) instrument and the SDSS
r0 filter. SPIcam is a 2048⇥2048 pixel CCD with a scale of 0.0014/pixel; however, because
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the APO site is seeing-limited, we used 2 ⇥ 2 pixel binning to facilitate faster readout
time without sacrificing spatial resolution. For the remaining CGs in the Walker et al.
(2012) Expanded Sample, we used r0-band images taken from the SDSS DR9 database.
We include all of the CGs in the Expanded Sample rather than only the CGs observed
with Chandra to have a statistically large enough sample to compare against the X-ray
groups. Note that between the APO and SDSS observations, we have optical coverage
of the entire Expanded Sample except HCGs 90 and 91, and RSCG 4. This left us with
stellar mass measurements for galaxies in 47 CGs. The optical photometry of CGs using
SDSS data is further explored by Walker et al. (2013).
We reduced the APO r0-band data using PyRAF version 2.0 and IRAF3 version 2.14 to
perform serial overscan subtraction and to create master two-dimensional bias and dark
frames, as well as master flat images in both filters. We used Source Extractor (Bertin
& Arnouts 1996) version 2.8.6 for all extended source photometry with an aperture
set to twice the Petrosian radius to ensure uniformity across the sample. No absolute
photometric calibration was performed as we were only interested in the di↵erential
photometry of the two brightest group galaxies. The small projected separations of
galaxies in CGs necessitated that we be particularly careful with object blending. In
cases where multiple sources overlap, Source Extractor uses a de-blending algorithm to
separate the pixels associated with each object. We found that the default de-blending
parameters were su cient for E/S0 galaxies, however we needed to adjust the settings
on an individual basis for inclined, star-forming galaxies to ensure that the entire galaxy
was classified as one source rather than a collection of blended sources.
Combined with the SDSS DR9 images, we have optical photometry in the r0-band
for 41 CGs, all but one of which are in the Walker et al. (2012) Expanded Sample, while
HCG 51 is solely in our X-ray sample. Note that HCG 30, which is in our X-ray sample,
3IRAF is distributed by the National Optical Astronomy Observatory, which is operated by the As-
sociation of Universities for Research in Astronomy (AURA) under cooperative agreement with the
National Science Foundation.
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but not the Walker et al. (2012) Expanded Sample, does not have APO or SDSS data.
We use the Hickson (1982) ordering of CG galaxies according to their optical brightness
to select the first and second rank galaxies with respect to the POSS E-band luminosity.
For the RSCGs, we use the ordering presented by Walker et al. (2013), which uses the
same ordering system albeit in a marginally di↵erent bandpass compared to the HCGs.
3.3.3 Stellar Mass Determination
The standard method of stellar mass determination, i.e., use of the Ks-band luminos-
ity, assumes a universal mass-to-light ratio independent of the galaxy morphology and,
therefore, star formation history. To determine more robustly the stellar masses of the
galaxies in our sample, we used the library of galaxy templates generated by the GRASIL4
code (Silva et al. 1998; Silva 1999; Granato et al. 2000; Bressan et al. 2002; Silva et al.
2003; Panuzzo et al. 2003; Vega et al. 2005; Silva 2009) to fit the galaxy spectral energy
distributions (SEDs). Two Micron All Sky Survey (2MASS) JHKs and Spitzer Infrared
Array Camera (IRAC) 3.6–8.0 µm fluxes were taken from Walker et al. (2012). In the
case of saturation in one of the four IRAC bands (6 galaxies), or if IRAC data were
missing (9 galaxies), we calculated the stellar mass using only the Ks-band M/L relation
from Bell et al. (2003), i.e., M /L⌫,  = 0.95 ± 0.03. For galaxies missing 2MASS data
from Walker et al. (2012), we used the 2MASS photometry from theWISE database. For
all sources, we converted the fluxes to luminosities using distances determined from the
3 K cosmic microwave background (CMB) dipole-corrected velocities. All of the elliptical
and spiral templates, as well as the M82 starburst galaxy template, were fit to the data
without knowing a priori the galaxy morphology to ensure unbiased results. We note
that the best-fitting templates do agree well with the observed galaxy morphologies in
a general sense, i.e., spiral galaxies are best modeled using spiral templates and likewise
for elliptical galaxies, though the finer divisions within these classes (e.g., Sa, Sb, Sc) are
4http://adlibitum.oat.ts.astro.it/silva/grasil/grasil.html
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Figure 3.1: Comparison of the stellar masses determined by mid-IR SED fitting against
the masses using theK-band M/L relationship from Bell et al. (2003). Galaxies in this X-
ray study are plotted with filled symbols while the remaining galaxies from the Expanded
Sample defined by Walker et al. (2012) are plotted as open symbols for comparison. The
dashed line in the upper panel shows the one-to-one relation for reference, while the solid
line is the orthogonal distance regression fit to the data. The bottom panel shows the
residuals around the fit with a dashed line for reference. Most of the observed scatter is
likely due to scatter in the M/L relation, as well as uncertainties in the SED fitting.
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sometimes not accurately determined from the SED fitting.
In the near-infrared, the SED of a galaxy scales with stellar mass, therefore the
normalization of the best fit galaxy template to the observed luminosity coupled with
the stellar mass of the model yields the stellar mass of the galaxy. To properly fit the
templates to the galaxy photometry, we first shifted the GRASIL SED templates to the
observed frame of the source and then convolved them with the 2MASS and Spitzer filter
response curves. We used the normalization to the 3.6 µm luminosity as an initial guess
of the stellar mass normalization before  2 minimization. We note that mid-IR active
galaxies contain strong polycyclic aromatic hydrocarbon emission features in the 5.8 and
8.0 µm IRAC bands, however these did not greatly a↵ect the quality of the SED fitting.
We estimated the errors on the SED-fitted masses by varying the normalization of the
template until   2 = 2.71, i.e., the 90% confidence interval. The total stellar masses
for the CGs from Desjardins et al. (2013) and this paper are listed in Table 3.6. The
masses of the individual galaxies in the Expanded Sample are shown in Figure 3.1 where
we compare the SED fitted masses against the stellar masses derived from the Ks-band
M/L relationship from Bell et al. (2003). We find that the stellar masses from SED fitting
match well with some scatter compared to those from the Ks-band method, though there
is a small deviation at low masses.
3.4 Results and Discussion
We detect di↵use X-ray emission in 50% of the CGs in our new sample observed with
Chandra. Combined with the CGs from Desjardins et al. (2013), this yields 19 groups
with 12 detections and an overall detection rate of 63%. We caution the reader that our
detection rate should not be used to draw conclusions about the statistical distribution
of di↵use X-ray luminosities of CGs (e.g., Ponman et al. 1996) as many of the targets
that make up our sample were observed on the assumption that the groups would be
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Table 3.6: Total Group Stellar Masses Using Core Galaxies
Group Stellar Mass Ngal
(109 M )
HCG 7 334.39± 0.34 4
HCG 16 462.24± 1.92 4
HCG 22 104.58± 0.23 3
HCG 30 0.88± 0.00 4
HCG 31 32.37± 0.26 3
HCG 37 460.67± 0.28 5
HCG 40 398.47± 0.40 5
HCG 42 458.91± 0.36 4
HCG 51 49.68± 0.00 5
HCG 59 36.05± 0.00 4
HCG 62 229.34± 0.37 4
HCG 68 427.37± 0.56 5
HCG 79 79.56± 0.01 4
HCG 90 308.05± 1.61 4
HCG 92 523.66± 2.13 4
HCG 97 328.03± 0.44 5
HCG 100 127.11± 0.00 4
RSCG 17 288.40± 2.30 3
RSCG 31 72.96± 0.07 3
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X-ray bright.
3.4.1 X-ray Morphology
Desjardins et al. (2013) find that, in contrast to galaxy clusters, the di↵use X-ray emission
in CGs is often linked to the individual galaxies rather than the group itself. Therefore,
we construct contour maps of the X-ray emission to examine the distribution in this
extended X-ray sample. To make the contour maps, we first excised the point sources
and interpolated over them using the CIAO task dmfilth. Note that these interpolated
images were only used in the creation of the contour maps and not in the spectral analysis
of the di↵use X-ray emission. The resulting image of only di↵use emission was divided
by the monoenergy exposure map (optimized at a photon energy of 1 keV) to create flux
images in units of photons s 1 cm 2. Finally, we smoothed the flux images by convolving
them with a Gaussian kernel.
Figure 3.2 shows the di↵use X-ray contour maps for the X-ray detected CGs (see
Desjardins et al. 2013 for the contour maps of the CGs in that paper). We once again
find a mixture of galaxy- and group-linked emission, with HCGs 51 and 97 and RSCG 17
having the most extended X-ray halos. In all cases, detected X-ray emission is centered
on the optically brightest group galaxy, and is not as localized as in HCGs 16 and 31
(Desjardins et al. 2013). This suggests that for the X-ray detected CGs with galaxy-
linked di↵use emission in this paper that were not previously presented by Desjardins
et al. (2013), the sources are hot gas halos around the brightest group galaxies and not
star formation within the galaxies. This is further supported by the fact that all of the
X-ray detected CGs in this new sample of ten groups have E/S0 brightest group galaxies.
In HCGs 68 and 97, the X-ray morphologies are indicative of recent or ongoing galaxy-
galaxy interactions. In Figure 3.2, one can see a hot-gas bridge connecting HCG 68A
and B. Interestingly, the morphology of the X-ray gas in HCG 97 is elongated in three
directions away from the brightest group galaxy toward galaxies 97D and E, and is most
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pronounced towards the southeast. This last direction may indicate a past tidal encounter
with one of the other galaxies in the group.
3.4.2 X-ray Scaling Relations
We wish to investigate how the CG X-ray properties compare with the X-ray cluster
scaling relations between the bolometric X-ray luminosity (LX), X-ray temperature, and
group velocity dispersion. This allows us to examine the physical nature of the hot
plasma in groups independent of the gas morphology. These power-law scaling relations
are expected from the virial theorem and the self-similar model of galaxy cluster and
ICM formation (Kaiser 1986).
After inspecting the hot gas morphologies and surface brightness profiles of the CGs,
we surmise that the six most luminous CGs may have additional X-ray emission out to
larger radii (cf. HCG 62 from Desjardins et al. 2013). To compensate for this, we used
a   (hydrostatic, isothermal sphere) model to quantify the X-ray luminosity correction
out to r500. The   model of the surface brightness profile is given as
S(R) = S0
"
1 +
✓
R
rc
◆2# 3 +0.5
, (3.1)
where S0 is the peak surface brightness, R is the distance from the center, rc is the core
radius (for which we have once again assumed the median two-galaxy separation). The
  term is defined as
  ⌘ µmp 
2
kT
, (3.2)
where µ is the mean molecular weight (fixed at solar), mp is the mass of the proton,
  is the line-of-sight velocity dispersion, k is the Boltzmann constant, and T is the gas
temperature. This resulted in correction factors of order unity in most cases except HCG
62, which required a factor of 12.8 to compensate for the small extraction region used
by Desjardins et al. (2013). Desjardins et al. (2013) found a correction factor of 3.1 was
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Figure 3.2: X-ray contour maps of the CGs in the 0.5–2 keV band. The optical images
come from the SDSS DR9 and are in the r0 filter. In HCGs 37, 68, 97, and RSCG 17, the
X-ray emission is marked by green contours at levels of 2.5 ⇥ 10 8, 5 ⇥ 10 8, 1 ⇥ 10 7,
2.5⇥10 7 photons s 1 cm 2. In HCG 51, the green X-ray contours correspond to 1⇥10 7,
1.5⇥ 10 7, 2⇥ 10 7, and 2.5⇥ 10 7 photons s 1 cm 2. The red dashed region indicates
the outer extraction boundary for each CG. X-ray point sources are also excised, but are
not labeled in these images. We label CG members with accordant redshifts using the
notation from Hickson (1982) and Walker et al. (2013) for reference.
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Figure 3.2: Continued.
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Figure 3.2: Continued.
128
F
ig
u
re
3.
3:
T
h
e
X
-r
ay
sc
al
in
g
re
la
ti
on
s
fo
r
th
e
cl
u
st
er
sa
m
p
le
s
of
W
u
et
al
.
(1
99
9)
an
d
Z
h
an
g
et
al
.
(2
01
1)
,
co
rr
ec
te
d
to
ou
r
co
sm
ol
og
y,
an
d
th
e
C
G
s:
L
X
 
T
(l
ef
t)
;
L
X
 
 
(c
en
te
r)
;
an
d
 
 
T
(r
ig
ht
).
In
al
l
th
re
e
p
an
el
s,
th
e
gr
ay
cr
os
se
s
re
p
re
se
nt
th
e
ga
la
xy
cl
u
st
er
s,
w
h
il
e
th
e
fi
ll
ed
an
d
op
en
ci
rc
le
s
ar
e
th
e
X
-r
ay
d
et
ec
te
d
an
d
n
on
-d
et
ec
te
d
C
G
s,
re
sp
ec
ti
ve
ly
,
in
th
e
co
m
b
in
ed
sa
m
p
le
of
th
is
st
u
d
y
an
d
D
es
ja
rd
in
s
et
al
.
(2
01
3)
.
In
th
e
L
X
 
T
an
d
L
X
 
 
d
ia
gr
am
s,
th
e
d
as
h
ed
li
n
e
sh
ow
s
th
e
or
th
og
on
al
d
is
ta
n
ce
re
gr
es
si
on
fi
t
to
th
e
cl
u
st
er
s.
S
u
ch
a
fi
t
is
n
ot
p
os
si
b
le
fo
r
th
e
 
 
T
re
la
ti
on
b
ec
au
se
of
th
e
la
rg
e
sc
at
te
r
in
th
e
cl
u
st
er
d
at
a
an
d
th
e
p
au
ci
ty
of
cl
u
st
er
s
at
lo
w
ve
lo
ci
ty
d
is
p
er
si
on
s.
F
or
th
e
n
on
-d
et
ec
te
d
C
G
s,
w
e
u
se
a
re
as
on
ab
le
te
m
p
er
at
u
re
of
0.
6
ke
V
fo
r
d
et
er
m
in
in
g
u
p
p
er
-l
im
it
s
in
L
X
.
129
necessary to scale the observed Chandra flux to that observed by ROSAT in the much
larger aperture used by Mulchaey & Zabludo↵ (1998).
The left panel of Figure 3.3 shows the CGs and the galaxy cluster sample from the
literature in the LX   T plane. There exists a population of high-temperature groups
(T⇠1 keV; HCGs 51, 62, 97, and RSCG 17) that agree well with the cluster LX   T
relation, and two lower temperature CGs (HCGs 37 and 42) that are also in agreement.
The agreement between the aforementioned hot, X-ray luminous CGs and the clusters
occurs within the scatter of the cluster data. Desjardins et al. (2013) find groups that
agree with the cluster scaling relations are those in which the emission is linked primarily
to the IGM rather than to the individual galaxies (e.g., HCG 62); however, HCG 37
represents a CG where the ionized gas is clearly associated with the brightest group
galaxy, and therefore may be probing the cool-temperature, low-luminosity portion of
the X-ray scaling relations. If this is true, it may indicate that HCG 42, which has a
similar temperature and X-ray luminosity, is not an example of group-linked emission,
but a CG in which the X-ray halo is only observed around the brightest group galaxy.
The CGs and clusters in the LX   plane are shown in the center panel of Figure 3.3.
Consistent with the LX T relation, there exists a population of high velocity dispersion
CGs which seem to agree well, albeit with more scatter, with the cluster sample from
the literature, and in fact these are the same CGs as those that matched the LX   T
relation. These six CGs, HCGs 37, 42, 51, 62, 97, and RSCG 17, may represent the most
cluster-like CGs in our sample with respect to their hot gas properties. We again note
that the consistency between the high-dispersion, X-ray luminous CGs and the clusters
occurs at the level of the scatter in the cluster data, while the CGs themselves all exist
systematically below the LX     relation fitted to the galaxy clusters.
For completeness, we also examine the   T relationship for CGs and clusters in the
right panel of Figure 3.3, however we find that the clusters exhibit a large scatter and,
due to under-sampling at lower velocity dispersions/cooler temperatures, the relationship
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is too poorly constrained for comparison with the CGs. We do note that there is a rapid
drop in velocity dispersion at cool X-ray temperatures in the CGs, further indicating
that these are not relaxed systems.
3.4.3 Relating X-ray Emission to the Baryonic Mass
Understanding the relative importance of the hot, warm, and cool gas phases is critical
to understanding the evolution of systems of galaxies. At a more fundamental level, the
distribution and phase of the baryons in galaxy groups dictate the future evolutionary
path of the system, while also giving insight into the group history. For example, a
system lacking cool/cold gas while having a hot X-ray halo (e.g., HCG 62; Desjardins
et al. 2013) is unlikely to convert much more gas into stellar mass, and therefore future
galaxy evolution will be primarily dynamical. Conversely, galaxies in systems such as
HCG 16 that are H i-rich will evolve both dynamically and in terms of their stellar
populations. While the reservoir of cool and cold gas in systems of galaxies is critical
to these two examples, it is likely that the bulk of the baryonic mass will end up in
either stars or an X-ray emitting halo5, therefore examining the relationship between
stellar mass, cool gas, and group X-ray emission gives a more complete picture of galaxy
evolution in groups. We hypothesize that the mass of these systems is critical to how
they will evolve, i.e., it will determine the ability of the group potential to heat gas to
X-ray temperatures and consequently lower the baryon fraction in stars. An increase in
the amount of hot gas between the galaxies will further a↵ect galaxy evolution within
the groups through, e.g., ram-pressure stripping.
If we disregard the dynamical masses due to their large intrinsic uncertainties (see
Section 3.4.4), then we can compare the relative masses of the groups as the sum of their
directly observable components. For example, HCG 22 has no detected di↵use X-ray
emission (log10[LX ] < 39.84 erg s
 1; Desjardins et al. 2013), therefore we can assume
5This neglects the contribution of other negligible components of baryonic mass in systems of galaxies
(e.g., dust), as well as baryons that are expelled from groups.
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that relatively few baryons are found in the hot IGM. Furthermore, the molecular gas
mass of non-star-bursting galaxies is typically negligible compared to the combined H i
and stellar mass (see, e.g., Young & Scoville 1991), thus the total baryonic mass of the
group may be approximated as the sum of the stellar and H i masses (similar to Connelly
et al. 2012). If we assume that the fraction of group mass in baryons, as in more massive
clusters, is constant (e.g., Gonzalez et al. 2007; Andreon 2010), then HCG 22 is at least a
factor of 4 less massive than the X-ray luminous HCG 42. This example initially supports
our hypothesis regarding the existence of an X-ray halo and its dependence on the group
mass, therefore we choose to expand our test to a larger sample.
We plot the di↵use X-ray luminosity against the total stellar and H i masses in
Figure 3.4. While the most X-ray luminous and cluster-like CGs likely have a substantial
fraction of baryons in the hot phase, it is not possible to measure the hot gas mass of
baryons without making potentially poor assumptions about the di↵use emission, e.g.,
spherical symmetry and the value of dT/dr, therefore we do not include the hot gas
mass in our total mass estimates. Again assuming that the baryon fraction in groups is
approximately constant, then the total stellar and H i mass may be used as a proxy for
the total group mass in X-ray faint systems, and as a lower-limit in X-ray luminous CGs.
From Figure 3.4, we find that nearly all of the X-ray luminous CGs with intragroup X-ray
hot gas have higher total stellar and H i masses than the CGs that were not detected
by Chandra and those with galaxy-linked X-ray emission. The approximately vertical
distribution of CGs atM?+MH i = 11.6 M  is likely due to an increasingly large mass of
baryons in the X-ray phase in hotter, more X-ray luminous groups. Indeed, these groups
have line-of-sight velocity dispersions that imply relatively high dynamical masses, and
therefore a substantial fraction of baryons may be in the hot phase. The three low-mass
CGs with detectable X-ray emission are HCGs 31, 51, and 59, two of which have X-
ray emission associated with vigorous star formation (Desjardins et al. 2013). Excepting
HCG 51, these results support our hypothesis that low-mass groups do not heat their IGM
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Figure 3.4: The CG di↵use X-ray luminosity as a function of the total stellar and H i
mass. Assuming that the baryon fraction of groups is approximately constant, as has
been seen in clusters, the total stellar and H i masses then trace the total masses of
low-mass systems, while they provide lower-limits on the total masses of X-ray luminous
groups with larger hot gas masses. The lower-limits in the total mass arise from the
exclusion of additional group members at large distances from the compact core region,
but which are still within r500.
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to high temperatures. We caution the reader that the hot gas in low-mass systems may
have very high entropy, and therefore low density. From the proportionality LX / ⇢2, we
expect that such gas would be very di cult to detect. Therefore, HCG 51 may in fact
have a lower total mass than the others, or it may have a higher fraction of its mass in
the hot gas phase (i.e., the gas may be low entropy as discussed above). Finally, we note
that there are two groups, HCGs 7 and 40, with high total stellar and H i masses but no
detectable X-ray emission.
We note that previous work has examined loose groups of galaxies without detectable
X-ray emission, and the consensus is that the gas in these groups is too cool to produce
significant X-ray luminosity (Mulchaey et al. 1996; Rasmussen et al. 2006). The lack
of hot gas has been explained in two di↵erent ways: Mulchaey et al. (1996) argue that
some groups are too low-mass to e↵ectively heat their gas to X-ray temperatures; while
Rasmussen et al. (2006) hypothesize that X-ray underluminous groups are dynamically
young (i.e., in the process of collapsing) and have not had su cient time to virialize their
IGM. These ideas are not mutually exclusive, and indeed both may a↵ect the formation
of group X-ray halos. Further, we hypothesize that the absence of an observable hot
IGM in low-mass groups may be caused by the hot gas having very low density, in which
case it would be have very low surface brightness and be nearly impossible to detect,
or that the gas is never heated to very high temperatures and instead cools e ciently.
Note that our two hypotheses are independent from one another as the gas density must
be high for e cient cooling to occur. Unfortunately, our data are insu cient to test the
low-density gas and e cient cooling scenarios.
Regarding the explanations o↵ered by Mulchaey et al. (1996) and Rasmussen et al.
(2006), we present the two examples of HCGs 31 and 7. In HCG 31, we find an unusually
high baryon fraction of fb ⇡ 0.36 (assuming negligible mass in the form of hot gas) due to
the high H imass, while the ratio of stellar mass to dynamical mass is relatively large, and
therefore may indicate that the dynamical mass is underestimated. We remind the reader
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that the dynamical mass is very uncertain due to the small number of galaxies available
with which to measure the velocity dispersion, and the magnitude of this uncertainty is
unclear. Assuming that most of the baryonic mass in HCG 31 is in the stellar and H i
components, then a reasonable baryon fraction implies it is a relatively low-mass system.
Thus, we expect HCG 31 to have a very cool virial temperature. Conversely, HCG 7
is a relatively massive group (Mdyn = 1012.1 M ; Desjardins et al. 2013), and therefore
we expect a hotter virial temperature based solely upon the total mass. Again, we
regard the dynamical mass with caution, though we do note that its stellar mass implies
that it is at least an order of magnitude more massive than HCG 31. Thus, HCG 7
seems X-ray underluminous for its mass, though it is not dynamically young. Indeed,
Konstantopoulos et al. (2010) find that the galaxies in HCG 7 show evidence for long-
term, enhanced evolution in the group environment without direct, strong interactions.
It is unclear how HCG 7 may form an X-ray halo at some later evolutionary stage, if it
will at all.
Jones et al. (2003) observationally define fossil groups to identify groups near the end
of their evolution in which the groups are dominated by a single galaxy and have X-ray
emission in excess of that associated with normal galaxies. The authors use as their
criteria a di↵use X-ray luminosity above a specific threshold (LX > 1042 h
 2
50 erg s
 1) and
a di↵erence in R-band magnitude between the two brightest group members  m12 >
2 mag; however, the  m12 criterion assumes that the group luminosity function is a
well-sampled Schechter function (Schechter 1976), i.e., that the brightest group galaxy is
much more luminous than L⇤, and therefore is located at the bright end of the exponential
portion of the luminosity distribution. The Hickson (1982) CG selection criteria require
that group members have  m  3 mag with respect to the brightest group galaxy,
making such a luminosity distribution unlikely, and therefore the Jones et al. (2003)
criteria would have included no HCGs as fossil groups. We note that Dariush et al.
(2010) use a magnitude di↵erence of  m14 > 2 mag, thus identifying more robustly low-
135
F
ig
u
re
3.
5:
T
h
e
fr
ac
ti
on
of
th
e
to
ta
l
C
G
st
el
la
r
m
as
s
co
nt
ai
n
ed
w
it
h
in
th
e
m
os
t
m
as
si
ve
gr
ou
p
m
em
b
er
as
a
fu
n
ct
io
n
of
th
e
S
D
S
S
r0
m
ag
n
it
u
d
e
d
i↵
er
en
ce
b
et
w
ee
n
th
e
tw
o
b
ri
gh
te
st
C
G
ga
la
xi
es
( 
m
r0
,1
2
;
le
ft
)
an
d
th
e
st
el
la
r
m
as
s
ra
ti
o
b
et
w
ee
n
th
e
tw
o
m
os
t
m
as
si
ve
gr
ou
p
ga
la
xi
es
(r
ig
ht
).
G
ro
u
p
s
th
at
h
av
e
an
X
-r
ay
lu
m
in
os
it
y
lo
g 1
0
(L
X
)
 
41
.4
er
g
s 
1
(f
ro
m
th
e
Jo
n
es
et
al
.
20
03
fo
ss
il
gr
ou
p
cr
it
er
ia
co
rr
ec
te
d
to
ou
r
co
sm
ol
og
y)
ar
e
m
ar
ke
d
w
it
h
d
ia
m
on
d
s.
O
n
e
of
th
e
m
ag
n
it
u
d
e
d
i↵
er
en
ce
s
in
th
e
le
ft
p
an
el
is
an
u
p
p
er
-l
im
it
b
ec
au
se
th
e
A
P
O
im
ag
es
of
H
C
G
42
A
an
d
42
B
w
er
e
ta
ke
n
at
tw
o
d
i↵
er
en
t
ai
rm
as
se
s.
T
h
e
r-
b
an
d
m
ag
n
it
u
d
e
d
i↵
er
en
ce
ap
p
ea
rs
to
b
e
w
ea
kl
y
co
rr
el
at
ed
to
th
e
ra
ti
o
of
st
el
la
r
m
as
s
co
nt
ai
n
ed
w
it
h
in
th
e
m
os
t
m
as
si
ve
gr
ou
p
ga
la
xy
co
m
p
ar
ed
to
th
e
re
st
of
th
e
gr
ou
p
.
T
h
er
ef
or
e,
w
e
su
gg
es
t
th
at
th
e
d
i↵
er
en
ce
in
st
el
la
r
m
as
s
b
et
w
ee
n
th
e
tw
o
m
os
t
m
as
si
ve
ga
la
xi
es
is
a
b
et
te
r
in
d
ic
at
io
n
of
th
e
ev
ol
u
ti
on
ar
y
st
at
e
of
th
e
gr
ou
p
.
T
h
e
m
ag
n
it
u
d
e
d
i↵
er
en
ce
w
il
l
b
e
re
la
te
d
to
th
e
st
el
la
r
m
as
s
ra
ti
o
as
su
m
in
g
a
si
n
gl
e
M
/L
ra
ti
o,
b
u
t
th
is
as
su
m
p
ti
on
is
n
ot
ju
st
ifi
ed
gi
ve
n
th
e
d
iv
er
si
ty
of
ga
la
xi
es
fo
u
n
d
in
th
e
m
os
t
m
as
si
ve
C
G
ga
la
xi
es
.
136
mass fossil systems and potentially several CGs, however the optical magnitude selection
criterion of the HCG catalog makes it likely that this definition would still miss several
fossil groups. Indeed, only HCG 42 comes close to satisfying the Jones et al. (2003)
fossil group selection criteria. We thus seek to form an alternate physically motivated
definition of fossil groups in order to classify the CGs in our X-ray sample.
In Figure 3.5, we compare the optical selection criterion from Jones et al. (2003)
against the distribution of stellar mass within the CGs in the Walker et al. (2012) Ex-
panded Sample6. We find that the optical magnitude di↵erence m12 between the bright-
est galaxies does not trace well the concentration of stellar mass in the CGs, and instead
suggest that the fraction of the group stellar mass contained within the first-ranked galaxy
(i.e., the group member with the largest stellar mass) can be better determined using
the di↵erence in stellar mass between the two most massive group galaxies. Note that
we strictly use only the two most massive galaxies in the stellar mass criterion, and only
the two brightest galaxies in the SDSS r0 filter for calculating  m12. In groups with two
dominant galaxies approximately equal in mass, the most massive and brightest galaxy
may not be the same; though, this is only possible when both  m12 and log10(M1/M2)
are small.
The existence of a lone, massive, early-type galaxy has three possible implications for
the groups: that at least one major merger has resulted in the formation of an elliptical
galaxy and that only minor mergers will occur in the future; a series of minor mergers has
concentrated the bulk of the stellar mass into a cold-gas-poor lenticular galaxy; or there
was only ever one massive galaxy in the group and it is now cold-gas-poor. In all three
cases, the bulk of the stellar mass exists in a “red and dead” galaxy that has reached the
end of its evolution in most respects. We therefore use the stellar mass distribution in
our classification of CGs as evolved fossil systems. Specifically, we require that: the first-
ranked galaxy contain   60% of the group stellar mass; or, alternatively, the first-ranked
6We excluded RSCGs 67 and 68 from this analysis as they are comprised of galaxies in the core of
the Coma Cluster, as well as RSCG 32, which is embedded within the Abell 779 cluster.
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galaxy be at least a factor of 3 more massive than any other group member. We find that
groups evolve from the lower-left region of the right panel of Figure 3.5, in which the two
most massive galaxies are of approximately equal mass, to the upper-right region, where
groups are dominated by a single massive galaxy. The values used in our fossil group
selection criteria (i.e., 60% of the group stellar mass or a factor of three di↵erence in the
stellar masses of the first- and second-ranked galaxies) reflect the distribution of CGs in
the right panel of Figure 3.5. Rather than require both of these criteria to be true, we
only require that one be satisfied to be considered a fossil group candidate due to the
scatter in the CG distribution; in either case the stellar mass is clearly concentrated in a
single group member. To ensure that groups we classify as fossil groups are indeed highly
evolved, we also impose a morphology criterion requiring that the first-ranked galaxy be
a E/S0 galaxy.
We further remove the X-ray criterion from Jones et al. (2003) because it assumes
that the potential of the group is su cient to virialize the gas to hot temperatures,
which is not true in low-mass groups. Indeed, if the gas in low-mass groups is heated
to T . 106 K, then it will cool quickly and may therefore be available again for star
formation (Dalgarno & McCray 1972; Sutherland & Dopita 1993; Schure et al. 2009).
We note that the X-ray luminosity requirement from Jones et al. (2003) was intended to
ensure that only truly bound systems were classified as fossil groups. Regardless of if the
systems are bound or not, the location of the galaxies in mid-IR color-color space shows
evidence for accelerated evolution not observed in other environments (Johnson et al.
2007; Walker et al. 2010, 2012), therefore the galaxies are in close physical proximity
for long enough to a↵ect their evolution in measurable ways. Furthermore, the isolation
criterion imposed on the HCGs by Hickson (1982) makes it unlikely that there are other
galaxies to which the CG members may be bound.
Finally, 21 CGs in the Expanded Sample from Walker et al. (2012) meet our first
two fossil group criteria concerning the distribution of stellar mass; however, only six of
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these CGs (HCGs 19, 22, 40, and 42 and RSCGs 44 and 86) have an E/S0 first-ranked
galaxy and are therefore fossil groups under our new definition. From the three fossil
CGs with Chandra observations, only HCG 42 has a substantial X-ray halo according
to the Jones et al. (2003) definition, which requires a clarification of previous findings
that fossil groups agree with the galaxy cluster X-ray scaling relations. Our findings
suggest that it is only the massive, X-ray luminous fossil groups that agree well with
the cluster scaling relations, while low-mass fossil groups systematically fall below these
relationships. Furthermore, there may be many fossil groups that have not been classified
as such because they are not massive enough to host X-ray luminous halos. Thus, if the X-
ray luminous fossil groups represent the origin of optically and X-ray bright, isolated field
ellipticals (e.g., Mulchaey & Zabludo↵ 1999), then fossil groups with no X-ray emission
may be the progenitors of low-mass isolated ellipticals. Indeed, Mulchaey & Jeltema
(2010) find that low-mass field ellipticals are typically X-ray underluminous and suggest
that such galaxies, in contrast to their massive counterparts, may not be able to retain
hot gas halos primarily due to strong winds from supernovae and, as a secondary factor,
AGN. In contrast, O’Sullivan & Ponman (2004) argue that while the galaxy mass may be
important in retaining X-ray halos, they hypothesize that these galaxies must also be the
result of recent mergers to have su ciently strong supernovae winds that can drive away
low-density hot gas; though the authors also find that the metallicities of field ellipticals
do not support supernovae-driven wind models.
3.4.4 X-ray Emission and the H i Reservoir
Desjardins et al. (2013) compare the X-ray luminosity to the H i mass normalized to the
dynamical mass and find tentative evidence to support the hypothesis by Konstantopou-
los et al. (2010) that the X-ray emission in CGs may be dependent upon the morphology
of the H i gas in the system. Systems in which the H i has been stripped out of the
galaxy disks into the IGM have material to fuel an X-ray luminous halo. We note that
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Figure 3.6: The di↵use X-ray luminosity as a function of the H i mass relative to the
total stellar and H i mass (fb,H i). Filled circles represent CGs with a total stellar and
H i mass of > 1011.3 M , while empty diamonds are CGs with a total stellar and H i
mass of < 1011.3 M . The lower-limits on the values of fb,H i represent the groups with
additional members that may cause underestimates in the stellar mass measurements.
The relatively massive CGs (i.e., those shown as large cirlces) are more luminous in X-
rays and extend to smaller values of fb,H i, and therefore more gas in these systems is in
the hot rather than cold phase. This is consistent with the most X-ray luminous CGs
being more mature, evolved systems.
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the H i stripped from the galaxy disks may not be the only source of fuel for the hot IGM,
however a full analysis of the origin of such gas is beyond the scope of this paper. The
explanation regarding the morphology of the H i now seems secondary to the mass of the
group given our comparison of the X-ray luminosity and the total stellar and H i mass
in Section 3.4.3. For example, the mass of the group, and the individual masses of the
group members, will cause di↵erences in the distribution of gas in the intragroup space.
However, we still compare the X-ray luminosity to the H i reservoir to understand better
how neutral gas is consumed in CGs. A concern when using the velocity dispersions,
and thus the dynamical masses (as in Johnson et al. 2007 and Desjardins et al. 2013),
is the inherent uncertainty that stems from the small population of galaxies in each CG.
Therefore, to mitigate this uncertainty, we compared the di↵use X-ray luminosity to the
ratio of the H i mass to the total stellar and H i mass (fb,H i) in Figure 3.6.
The relatively massive CGs (i.e., total stellar and H i mass > 1011 M ) are typically
more H i-poor with 0.2% < fb,H i < 6.6%, while the low-mass groups have 5.0% < fb,H i <
40.6%. The most H i-rich CG is HCG 30 with 40.7% of the baryonic mass in neutral
hydrogen, while the most H i poor CG is HCG 90 with < 0.2% of the baryons in neutral
gas, where the upper-limit is due to the non-negligible mass of hot gas that we have not
included here. As the more massive CGs tend to be more X-ray luminous, it is possible
the neutral gas in these systems was virialized to form the X-ray halo before the baryons
could be used in star formation.
3.4.5 Comparison of Di↵use X-rays with Star Formation
Desjardins et al. (2013) find that CGs with low specific star formation rates (sSFRs;
i.e., the star formation rates normalized to the galaxy stellar masses) are X-ray bright
compared to CGs with higher sSFRs. This separates X-ray detected CGs into two types:
(1) those with gas temperatures and luminosities consistent with virialization; and (2)
those with hot gas associated with vigorous star formation (sSFR > 1.5 ⇥ 10 11 yr 1).
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Figure 3.7: The CG di↵use X-ray luminosity as a function of the total group star forma-
tion rate as measured from the UV and 24 µm luminosities (Lenkic´ et al. 2014, in prepa-
ration). There are no SFR data for HCGs 30, 40, and 68, and we do not include UV
SFRs for HCGs 100C and 100D as these data were not available. An upper-limit on the
total SFR occurs when none of the galaxies in a group has detectable star formation.
Groups with LX . 1041 erg s 1 (HCGs 16, 31, 59, and 90) tend to have galaxy-linked
X-ray emission that increases with total group SFR, while the more X-ray luminous CGs
have much lower total SFRs for their X-ray luminosity.
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This latter class of star-forming groups appears to be a distinct class in LX sSFR space.
Di↵use emission is not detected in HCGs 7 and 22, which are groups with intermediate
sSFRs.
Using the UV+24 µm star formation rates (SFRs) from Lenkic´ et al. (in prep.), which
expands upon previous work by Tzanavaris et al. (2010), for the Walker et al. (2012)
Expanded Sample of CGs, Figure 3.7 shows the di↵use X-ray luminosity as a function
of the total group SFR. Note that SFR data are not available for HCGs 30, 40, and 68.
Furthermore, the UV photometry of all of the galaxies in HCG 62 as well as galaxies
HCGs 100C and D was unavailable, therefore we consider only IR SFR measurements
for these galaxies. The purpose of combining the UV and 24 µm SFRs is to ensure a
complete census of star formation over the past ⇠100 Myr in both areas with low dust
column densities and star forming regions enshrouded in dust. The lack of either a UV
or IR SFR for a single galaxy is not expected to a↵ect the SFR of that galaxy by a
factor of & 2 for normal galaxies (excluding, e.g., LIRGs). We compare the di↵use X-
ray emission against the SFRs rather than the sSFRs because it is the absolute rate of
star formation that is most likely responsible for the X-ray emission when it is linked to
individual galaxies.
We find that the CGs in the LX   SFR space show two distinct distributions. At
LX . 1041 erg s 1 (HCGs 16, 31, 59, and 90), the hot gas is galaxy-linked, and the
LX   SFR relation is found to be generally positive. This is expected if star formation is
the source of the hot gas — more vigorous star formation leads to increased gas heating.
Such heating may occur through various processes such as intense ionizing radiation from
massive OB associations or supernova shocks. Further study of more groups with high
total SFRs and low X-ray luminosities is required to better quantify this result. We
note that the X-ray emission in HCG 90 is more likely due to tidal heating rather than
star formation (Desjardins et al. 2013). For CGs with LX & 1041 erg s 1, the SFR is
generally lower in comparison. This overall decrease in SFR for X-ray bright systems
143
may be attributed to gas stripping caused by the hot IGM (i.e., ram-pressure stripping;
Gunn & Gott 1972), exhaustion of galaxy gas supplies to produce the hot IGM, or the
cool gas supply was exhausted by star formation and is not necessarily coupled to the
intragroup X-ray emitting gas.
To investigate the star formation history, and how that relates to the X-ray luminosity
of the groups, we also examine the g0   r0, g0   i0, and r0   i0 optical colors of the first-
ranked galaxy using data from Walker et al. (2013). We note that HCGs 30, 42, 62, 68,
and 90 are missing SDSS photometry. From the CGs with SDSS coverage, there are no
obvious distinctions in color-color space between the first-ranked galaxies hosted in either
X-ray luminous or X-ray non-detected CGs. There were also no correlations between the
X-ray luminosity and any of the optical colors themselves. There is no evidence that the
X-ray halos of the non-star-forming but X-ray luminous CGs were built-up by a recent
(. 1 Gyr) burst of star-formation in the first-ranked galaxy.
3.5 Summary and Conclusions
From a sample of ten CGs, we detect five in X-rays using Chandra ACIS observations. We
combine the CG X-ray temperatures and luminosities with those from Desjardins et al.
(2013) to create a larger sample to examine the buildup of hot gas in CGs. The X-ray de-
tected CGs in the combined sample range from 0.29 1.36 keV and 1040.08 42.73 erg s 1 in
temperature and X-ray luminosity, respectively. We then compared the X-ray properties
against the stellar and H i masses, line-of-sight velocity dispersions, and star formation
rates. Our results can be summarized as:
1. From the cluster scaling laws (Section 3.4.2; Figure 3.3), we confirm our previous
finding in Desjardins et al. (2013) that cool CGs with low velocity dispersions do
not have cluster-like di↵use X-ray emission. However, we now find evidence that
relatively massive and X-ray luminous CGs represent a population of groups that
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are consistent with the X-ray cluster scaling relations. This is consistent with
previous X-ray studies of groups such as Connelly et al. (2012) and Lovisari &
Reiprich (2013).
2. In Section 3.4.3, we create a physically motivated definition of fossil groups based
on the stellar mass distribution and the morphology of the most massive group
galaxy, with no additional requirement for an X-ray bright halo. The stellar mass
requirement follows from the description of a fossil group as an evolved system
in which most of the mass is concentrated in one galaxy, which is supported by
the work of Harrison et al. (2012). We require that: (a) the most massive galaxy
contain > 60% of the total group stellar mass; or, alternatively, the most massive
galaxy contain & 3 times more stellar mass than the next most massive galaxy; and
(b) the most massive galaxy have an E/S0 morphology. This definition is e↵ective
at identifying low-mass fossil systems that may have been excluded by previous
definitions (e.g., Jones et al. 2003).
3. Using our fossil group definition, we identify 21 CGs that meet the stellar mass
distribution criteria (Figure 3.5), but only six of these (HCGs 19, 22, 40, and 42,
and RSCGs 44, and 86) host E/S0 galaxies as the most massive member, and are
therefore fossil groups. The high fraction of groups (46%) with more than 60% of
their stellar mass concentrated in the first-ranked galaxy is similar to the results of
Connelly et al. (2012) for optically and X-ray selected groups. From the three CGs
that have Chandra observations, only HCG 42 is X-ray luminous, and therefore may
merge to form a massive, X-ray bright field elliptical. Conversely, HCGs 22 and 40
may merge to be X-ray faint field ellipticals. Furthermore, the spiral dominated
groups that meet the stellar mass criteria for fossil groups (HCGs 2, 4, 25, 26,
47, 56, 71, 79, and 100, and RSCGs 31, 34, 64, and 66) may represent interesting
systems for study because they may be the dynamically young precursors to fossil
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systems.
4. From Sections 3.4.4 and 3.4.5, the X-ray luminosity of the CGs in our sample is
correlated with the total stellar and H i mass of the groups (Figure 3.4), while the
relationship with SFR is more complicated. At low values of LX , we qualitatively
observe a positive trend between LX and SFR, while the opposite is true in X-
ray bright systems (see Figure 3.7). Thus, X-ray luminous groups, especially those
consistent with the cluster scaling relations, likely represent a population of mature,
evolved systems. Low-mass groups are not a homogenous population, and contain
both dynamically young (e.g., HCG 31) and dynamically evolved (e.g., HCG 22)
systems. In general, low-mass groups, including those classified as fossil systems,
are not X-ray luminous and fall well below the X-ray luminosities predicted by the
cluster scaling relations.
This last point raises the question of which mechanism takes precedence in the con-
sumption of neutral gas in massive groups: star formation or IGM virialization. Specif-
ically, when does the X-ray halo form in the evolutionary history of the group? The
existence of HCGs 7 and 40, which represent relatively massive CGs with no evident
X-ray emission and moderate SFRs, may indicate that the formation of the X-ray IGM
occurs at a later evolutionary stage, supporting the hypothesis of Rasmussen et al. (2006)
that X-ray underluminous loose groups are relatively dynamically young. HCG 16, an-
other example of a high-mass group, and one that appears to be dynamically young
(Konstantopoulos et al. 2013), was found to be dominated by galaxy-linked X-ray emis-
sion; however, a recent deep Chandra observation shows signs that there may be very
faint di↵use X-ray emission in the intragroup space of HCG 16 (J. Vrtilek, private com-
munication), and we refer the reader to the analysis of these data (O’Sullivan et al., in
prep). We note that in the case of HCG 7, the group has a low fraction of its mass in
cool gas, therefore it may consume its gas reservoir prior in star formation before it is
able to heat it to X-ray temperatures. Additionally, the development of a hot IGM could
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explain the anti-correlation of LX with SFR as the retardation in star formation due to
ram-pressure stripping of cool gas in the group members. This puts our previous question
into another perspective: when does star formation in galaxy groups end? The example
of RSCG 31, a group with a low SFR, low H i to stellar mass ratio, and high stellar
to dynamical mass fraction, may be representative of a system in which star formation
consumed the baryons and prevented the formation of an X-ray halo.
Our findings indicate that potentially many low-mass galaxy groups are not X-ray
luminous, and therefore X-ray surveys used to identify groups may create heavily biased
samples that miss non-negligible fractions of the baryonic mass contained within groups
of galaxies (see, e.g., Rasmussen et al. 2006; Connelly et al. 2012). Indeed, if the baryons
are not in the molecular, H i, or X-ray gas, then the evidence indicates that low-mass
groups must contain a substantial fraction of baryons in either stars or a warm 105–106 K
gas phase. This warm gas would cool e ciently and be available again for star formation,
but it would likely be replenished by gas heating in the group potential. We note that
HCGs 30 and 31 have & 30% of their mass in H i, however the next most H i-rich
CG contains only 11.3% of its baryonic mass in neutral gas, indicating that CGs with
such an abundance of H i are exceptional rather than commonplace. Furthermore, it is
unlikely that the stellar baryon fraction in low-mass groups is higher than in high-mass
systems, as other studies find that the ratio of stellar to dynamical mass in groups is
⇠ 1% (Andreon 2010; Balogh et al. 2011; Connelly et al. 2012). Thus, X-ray surveys
only select the X-ray luminous, and therefore massive, groups while missing a significant
population of low-mass groups.
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Chapter 4
The X-ray Scaling Relations and
AGN Fraction of Coma Infall
Galaxies
T. D. Desjardins, A. E. Hornschemeier, S. C. Gallagher, P. Tzanavaris, G. Hrinda,
L. Lenkic´, A. Ptak, B. Lehmer, D. Wik, D. Hammer, and N. Miller
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4.1 Introduction
As the majority of the galaxies in the local universe are contained within groups and
clusters (e.g., Tully 1987; Small et al. 1999; Karachentsev 2005), it is imperative that
we understand the e↵ects that these environments have on their members. While many
studies have examined the X-ray emission in field galaxies (e.g., Lehmer et al. 2007, 2008;
Mineo et al. 2012a,b, 2014, and references therein), as well as the X-ray-bright emission
of groups and clusters as a whole, there have been far fewer such studies of individual
galaxies in the group and cluster environments where they most commonly reside.
The X-ray emission from distant normal galaxies arises from two sources: the point
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source population (e.g., X-ray binaries and supernova remnants) and di↵use hot gas.
Recently, Lehmer et al. (2010) used a sample of luminous infrared galaxies to examine
the scaling relation between total galaxy X-ray luminosity (LX) as a function of star
formation rate (SFR) and stellar mass. Such a relationship is expected due to the stellar
donors of accreting compact objects in X-ray binaries. The high-mass X-ray binaries
have short-lived stellar companions, and are therefore linked to recent star formation,
while the low-mass X-ray binary stellar companions have much longer main-sequence
lifetimes and reflect the overall stellar mass of the galaxy. Thus, the integrated X-ray
emission from a galaxy is a function of both star formation and stellar mass terms. The
authors find for their sample that the correlation between LX and SFR is consistent with
previous results (cf. Grimm et al. 2003), and that taking into account both stellar mass
and SFR provides a much better fit over a broad range of these parameters. Lehmer et al.
(2010) did find that the galaxies with the highest SFRs have suppressed X-ray emission
and they explain this by e↵ects of obscuration in these galaxies.
Prior work has focused on how the intracluster/intragroup medium (ICM/IGM) and
cluster/group environment a↵ects the hot gas in elliptical/lenticular (E/S0) galaxies
(Finoguenov et al. 2004; Finoguenov & Miniati 2004; Hornschemeier et al. 2006; Jel-
tema et al. 2008). There is even less work on star-forming galaxies (which are rarer
in clusters; Butcher & Oemler 1978a,b; Dressler et al. 2004). The exceptions to this
are X-ray observations of cD galaxies in the cores of clusters (e.g., Fabian et al. 2013;
McDonald et al. 2014) and active galactic nuclei (AGNs) in the cluster environment
(e.g., Martini et al. 2013). However, the search for X-ray AGN in clusters focuses on
luminous (LX & 1041 erg s 1) sources. At lower X-ray luminosities emission from X-ray
binaries and hot gas, the dominant components of non-AGN normal galaxies, become
more important. The bright ICM and IGM in clusters and many groups also contributes
further to the paucity of X-ray constraints on individual galaxies in groups/clusters via
the di culty of independent measurement. With the superb X-ray imaging spectroscopy
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available from modern X-ray telescopes, we can now begin to isolate and study in detail
the high-energy emission from galaxies in the dense environments of groups and clusters.
The Coma cluster, which is one of the closest examples of a rich galaxy cluster, is
an ideal system for examining the properties of a statistically large sample of galaxies
because of the rich suite of high quality, multi-wavelength observations that are available.
Finoguenov et al. (2004) carried out the first modern wide-field X-ray survey of the Coma
cluster using early XMM-Newton observations. The authors find through a comparison of
X-ray luminosity functions that overall the X-ray emission from Coma galaxies appears
suppressed by a factor of 5.6 with respect to field galaxies. In addition, the majority of
Coma galaxies have low X-ray-to-optical flux ratios, however the mechanism suppressing
the flux ratios remains unclear. Further, Finoguenov & Miniati (2004) find a flatter
LX   LB 2 relation in elliptical and lenticular (E/S0) Coma member galaxies compared
to field galaxies, though the E/S0 galaxies in Coma have X-ray luminosities consistent
with similar galaxies outside of the cluster environment. The authors show that the
Coma intracluster medium (ICM) is responsible for this flattening of the LX   LB 2
relation via adiabatic compression of interstellar hot gas in galaxies. Hornschemeier
et al. (2006) subsequently used the Chandra X-ray Observatory to examine the X-ray
luminosity function of galaxies falling into the Coma cluster, and similarly find that
the X-ray-to-optical flux ratios of these Coma galaxies are suppressed. The authors
hypothesize that the suppression of the X-ray emission may be due to ram-pressure
stripping from the ICM even at large distances (>1 Mpc) from the cluster core.
In this paper, we continue to study the influence of the Coma cluster environment on
the X-ray properties of galaxies in the infall region using deep XMM-Newton observations.
The use of XMM-Newton allows us to study the Coma infall region in unprecedented
detail owing to its relatively large collecting area, e ciency at high energies (i.e., 6–
10 keV), and large field of view. These characteristics enable us to put better constraints
on the galaxy population in the low X-ray surface brightness Coma infall region. The
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X-ray observations that we use are ⇠ 3 times deeper than the deep, wide-field study
of Finoguenov et al. (2004), while we cover an area ⇠ 7 times larger than the Chandra
observations presented in Hornschemeier et al. (2006). In addition to the X-ray properties
of galaxies, we also utilize Spitzer infrared (IR) and Galaxy Evolution Explorer (GALEX)
ultraviolet (UV) data to calculate previously unpublished stellar masses and SFRs for
the galaxies in our sample. Therefore, we improve upon the initial X-ray studies of the
galaxies in the Coma cluster by linking the X-ray emission directly to physical properties
(i.e., SFR, stellar mass) rather than less direct measurements like X-ray/optical flux
ratios. Our goals are to identify and characterize the AGN population and probe the
X-ray properties of galaxies in a relatively low-surface brightness region of the Coma
cluster (compared to the core) where we are able to push to faint X-ray luminosities.
Throughout our work, we make comparisons with galaxies in compact groups (CGs)
due to the similarities between the CG and Coma infall galaxy properties. The CG en-
vironment typically contains 3–4 galaxies of comparable brightness within several galaxy
radii (Hickson 1982; Hickson et al. 1989). These dense environments thus have number
densities similar to the cores of galaxy clusters while the velocity dispersions are much
lower (⇠200 km s 1) and similar to galaxy groups. Much work has gone into examining
the e↵ects of dense galaxy environments on the galaxy evolution. Indeed there is signifi-
cant evidence (e.g., Johnson et al. 2007; Tzanavaris et al. 2010; Walker et al. 2010, 2012)
that in the dense environments of CGs rapid transformation of galaxies from star-forming
to quiescent occurs. In particular, Johnson et al. (2007) and Walker et al. (2010, 2012)
discovered a gap in the mid-IR colors of CG galaxies, suggestive of accelerated evolution
from star formation to quiescence. Walker et al. (2012) compared the mid-IR colors of
CG galaxies with those in other environments and found that this gap exists in none of
the comparison samples except the same area of the Coma infall region we have observed
with XMM. For this reason, we wish to compare the X-ray properties of galaxies in both
the compact group and Coma infall environments to examine how these environments
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may a↵ect galaxy evolution. A more detailed investigation of the X-ray properties of the
galaxies in CGs is presented in Tzanvaris et al. (in preparation).
Section 4.2 describes our galaxy sample as well as our X-ray and ancillary data. In
Section 4.3, we detail our data reduction and X-ray photometry methods, and describe
how we computed stellar masses and star formation rates. We present our results in
Section 4.4 and discuss them in the context of fAGN in the Coma infall region and the
relationship between LX , SFR, and stellar mass. Finally, in Section 4.5, we summarize
our conclusions. Throughout this paper, we assume a distance to the Coma Cluster of
100 Mpc (e.g., Carter et al. 2008). Uncertainties are reported at the 90% confidence level
unless otherwise stated.
4.2 Data and Sample Selection
We began with the sample of 248 galaxies in the Coma infall region identified by Hammer
et al. (2012). This sample is based upon deep GALEX UV observations within the virial
radius of the cluster (1.6 Mpc from the core) reported by Hammer et al. (2010), and
members are confirmed using spectroscopic redshift information. In addition to the
near- and far-UV (NUV and FUV, respectively) data, we also use Spitzer Infrared Array
Camera (IRAC) photometry from Jenkins et al. (2007) and Spitzer Multiband Imaging
Photometer (MIPS) 24 µm data from Bai et al. (2006) to characterize the properties
of the galaxies (i.e., stellar mass and SFR; see Section 4.3). We limited ourselves to
the 168 galaxies from the Hammer et al. (2012) sample that were detected in both the
IRAC 3.6 and 4.5 µm bands to ensure that our stellar mass estimates are performed
in a consistent manner. Using the Spitzer 3.6 µm completeness limit of 21 µJy from
Jenkins et al. (2007), and assuming an identical value for the 4.5 µm limit, we estimate
that our stellar masses are complete down to M ⇡ 107.6 M . The GALEX confusion
limit of 23 AB magnitudes in the NUV filter (Hammer et al. 2010) corresponds to a UV
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SFR of 0.002 M  yr 1. Finally, the 24 µm data from Bai et al. (2006) have an 80%
completeness limit of 0.33 mJy, which yields an infrared SFR of 0.05 M  yr 1. These
values correspond to very faint X-ray luminosities (⇠ 1038 erg s 1 in the 2–10 keV band
using the relation from Lehmer et al. 2010), therefore our ancillary data are complete
beyond what is required based on the sensitivity of our X-ray observations.
4.3 Analysis
We list the XMM observations included in our study in Table 4.1. Our Coma X-ray
data include XMM observations of the Coma 3 region designed to cover the GALEX
footprint (PI: Hornschemeier; C3T and C3B in Table 4.1), as well as two observations of
the NGC 4839 infalling group located ⇠150 North of the C3T field (referred to as field
N48). For reference, the C3T field is spatially coincident with the Chandra observations
used by Hornschemeier et al. (2006) to study the X-ray properties of galaxies in the
Coma infall region. Figure 4.1 shows an XMM mosaic of the Coma cluster core and
infall region with the instrument footprints and the 168 galaxies from Hammer et al.
(2012) with Spitzer IRAC data marked. In Figure 4.2, we show a larger image of the
three XMM-Newton fields to illustrate the quality of the data. Note that these images
combine the three cameras (MOS1, MOS2, and pn) of the European Photon Imaging
Camera (EPIC; Stru¨der et al. 2001; Turner et al. 2001) instrument in the energy range
0.4–7.2 keV.
Figure 4.3 shows the galaxies in our sample in color-magnitude space using the
GALEX NUV and SDSS r0 magnitudes. We have colored the data points to illustrate
the power law slope of the mid-IR continuum (4.5–8 µm) such that L⌫ / ⌫ ↵IRAC (Gal-
lagher et al. 2008), which gives negative values for star-forming galaxies and positive
values for quiescent systems. The slope of the mid-IR continuum is controlled by the
emission from warm dust, and therefore can be linked to star formation or another type
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30’ = 0.87 Mpc
N
E
Figure 4.1: An adaptively smoothed XMM-Newton mosaic of the Coma cluster. The
dashed, white circle shows the GALEX footprint that defines the Coma infall region
used in this study. The image combines the MOS1, MOS2, and pn data and is shown
in the 0.4–7.2 keV band with logarithmic scaling to highlight faint features. North is up
and East is to the left in the image. In Figure 4.2, we show a zoomed in view of the
XMM data of the infall region.
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C3T
C3B
N48
Figure 4.2: Zoom in of the Coma-3 region XMM-Newton data used in our analysis. From
top to bottom are the N48, C3T, and C3B fields. The image is shown in the 0.4–7.2 keV
band. North is up and East is to the left of the image, and the image shares the same
orientation with Figure 4.1. The bright region extending to the Southwest of the N48
field is hot gas in the wake of the NGC 4839 group.
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of heating source, e.g., an AGN. We find that the ↵IRAC value separates well the qui-
escent (red-sequence) and star-forming (blue-cloud) galaxies with absolute magnitudes
Mr0 .  17.5 mag. We adopt this magnitude as the separation between massive and
dwarf galaxies in our sample and subsequently focus our investigation only on the mas-
sive galaxies (M & 109 M ) in the Coma infall region. This magnitude cut corresponds
to approximately 2.5 mag belowM⇤ (i.e., the turnover of the Schechter function; Blanton
et al. 2001). We thus have 86 massive galaxies in our sample of which 55 are quiescent
red-sequence galaxies and 31 are star-forming blue-cloud galaxies.
As previously stated, throughout the paper we make comparisons with the CG sample
defined by Walker et al. (2012). Further details about the derived quantities of stellar
mass and SFR are given below. The data and analysis for the CG galaxies are presented
by Lenkic´ et al. (in preparation; hereafter L14), in which the authors measure IR and UV
fluxes from Spitzer 24 µm and Swift uvw2 observations, respectively. The apertures used
to measure these fluxes (and which are subsequently used for the X-ray measurements of
the CG galaxies in Section 4.3.5) are defined by the Spitzer 3.6 µm band. Of the Spitzer
filters, these data trace most accurately the stellar mass distribution of the galaxies. The
3.6 µm data were convolved to the point-spread function (PSF) of the 24 µm band prior
to determining the apertures based on the 3.6 µm flux, which traces the stellar mass
distribution of the galaxies, to ensure that all of the data (Swift UV, Spitzer 24 µm, and
IRAC 3.6 and 4.5 µm) were measured from the same regions.
4.3.1 Galaxy Stellar Masses
Often, galaxy stellar masses are computed using 2MASS Ks-band photometry; however,
these data are not trustworthy below a flux of 2.65 mJy because of the 2MASS flux
limit, and were only useful for 59 of our 168 galaxies (35%). Therefore, we chose to use
the photometrically deeper Spitzer IRAC data from Jenkins et al. (2007) to determine
stellar masses. In addition, use of the IRAC photometry provides consistency of stellar
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Figure 4.3: Color-magnitude diagram of 164 Coma infall galaxies in the Hammer et al.
(2012) sample using theGALEXNUV and SDSS r0 filters. The galaxies shown correspond
to those detected by Spitzer IRAC in Table 4.2 and that have su cient data to calculate
the ↵IRAC parameter (4 of the 168 galaxies are missing 5.8 and/or 8 µm fluxes). The
NUV absolute magnitude limit of –10.5 AB magnitudes is shown as a dashed, gray line.
Further, we color the data points using the ↵IRAC parameter to indicate the level of
mid-IR activity in our galaxies. The majority of galaxies (63% with Mr   17.5 mag)
are found along the red-sequence (the upper portion of the diagram) and are mid-IR
quiescent (↵IRAC > 0), however there is a small population of star-forming galaxies.
The ↵IRAC parameter measures the emission from warm dust, therefore a mid-IR active
red-sequence galaxy could host some type of heating source (e.g., an AGN).
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Table 4.1: XMM Observation Summary
Field ID J2000 Coordinates Exposure
Name ↵   (ks)
C3T 0403150101 12h57m42s.5 27  190 09 700 54.4
0403150201 12h57m42s.5 27  190 09 700 55.2
C3T Total . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109.6
C3B 0403150301 12h57m40s.8 26  560 13 600 56.0
0403150401 12h57m40s.8 26  560 13 600 64.4
C3B Total . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120.4
N48 0652311001 12h57m24s.3 27  290 52 000 16.4
0652310201 12h57m24s.3 27  290 52 000 22.3
0652310301 12h57m24s.3 27  290 52 000 19.4
0652310401 12h57m24s.3 27  290 52 000 23.9
0652310501 12h57m24s.3 27  290 52 000 22.9
0652310601 12h57m24s.3 27  290 52 000 21.8
0652310701 12h57m24s.3 27  290 52 000 17.0
0652310801 12h57m24s.3 27  290 52 000 17.0
0652310901 12h57m24s.3 27  290 52 000 16.4
0691610201 12h57m24s.7 27  290 42 700 37.9
0691610301 12h57m24s.7 27  290 42 700 35.9
N48 Total . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 250.9
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mass estimates between the Coma infall galaxies and the CG sample of L14. We used
the relation from Eskew et al. (2012) that relates the stellar mass to the 3.6 and 4.5 µm
IRAC fluxes and the distance:
M (M ) = 10
5.65F 2.853.6 F
 1.85
4.5
✓
DMpc
0.05
◆2
, (4.1)
where F3.6 is the 3.6 µm flux in Jy, F4.5 is the 4.5 µm flux in Jy, and DMpc is the distance
to the galaxy in Mpc. The distance correction (0.05) is necessary to calibrate the fluxes as
the Eskew et al. (2012) relation is based on high-spatial-resolution images of the nearby
Large Magellanic Cloud. We remind the reader that we assumed 100 Mpc as the distance
to Coma. The Spitzer IRAC catalog of Jenkins et al. (2007) gives a 3.6 µm flux limit of
21 µJy, which corresponds to a stellar mass limit of approximately 107.6 M  assuming an
identical flux limit in the 4.5 µm band. All of the galaxies included in our sample have
stellar masses well in excess of this limit. For the CG comparison sample, stellar masses
were computed by L14 using the same relation from Eskew et al. (2012).
We compared our stellar masses with those derived using SED-fitting to the Sloan
Digital Sky Survey (SDSS) ugriz, Spitzer IRAC, and Spitzer MIPS photometry from
Edwards & Fadda (2011), which covered the center of Coma with some small overlap
of our region. Since the datasets cover an area in common with our infall region, we
were able to directly test our techniques for calculating stellar masses by comparing with
this study, taking advantage of the larger dataset that covers the Coma core. Note that
for our X-ray analyses, we do not study the Coma core where the X-ray ICM is much
brighter and studies of the galaxy population would be much more di cult. We matched
the full Jenkins et al. (2007) catalog (⇠ 2.9 ⇥ 104 sources) with the 210 galaxies from
Edwards & Fadda (2011) using a 0.005 matching radius. This procedure yielded 31 matched
galaxies that had both the photometric data we use for our measurements and stellar
masses from Edwards & Fadda (2011). We estimate 1 (3.2%) false match after shifting
the Jenkins et al. (2007) catalog in eight directions by ±3000 in both right ascension and
declination and matching the catalogs with the shifted positions. Figure 4.4 shows that
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Figure 4.4: Comparison between the Coma cluster galaxy stellar masses of Edwards &
Fadda (2011)[SED fitting] and those calculated using the relation from Eskew et al. (2012)
after matching the Jenkins et al. (2007) and Edwards & Fadda (2011) catalog positions,
including the Coma cluster core, within 0.005. We compare against the Edwards & Fadda
(2011) values, which were determined by SED-fitting to the GALEX, SDSS, and Spitzer
photometry, to ensure that our stellar mass estimates provide consistent results. The
dashed line shows the one-to-one agreement for reference. By shifting the catalog ±3000
in right ascension and declination, we statistically estimate ⇡ 1 false match between the
two catalogs. Eskew et al. (2012) argue that additional scatter in the relationship may be
due to di↵erences in the assumed initial mass functions or contamination from hot dust.
An investigation of the galaxies with the worst o↵sets between the mass determination
method of Eskew et al. (2012) and the SED-fitting of Edwards & Fadda (2011) occur in
dwarf galaxies with spectra indicative of starbursts.
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the stellar masses determined from the IRAC photometry are in good agreement with
SED-fitted masses excepting several sources with | M | & 0.5 dex. Eskew et al. (2012)
found that hot dust sometimes contaminated their data at 3.6 µm and introduced scatter
into their stellar mass estimates. We used SDSS to examine the four galaxies with the
worst o↵sets between our stellar mass estimates and those from Edwards & Fadda (2011).
We found that one of the galaxies (NGC 4827) is flagged as having potentially bad SDSS
photometry, one of the galaxies is next to NGC 4889 (one of the Coma core cD galaxies)
where there is di↵use optical light, and the remaining two are blue, irregular, dwarf
galaxies with starbursting spectra. From our estimates of the SFRs (see next section),
we do not believe there are any starburst galaxies in our sample, and the infall region
will not have as much di↵use optical/infrared light to a↵ect our mass estimates. We find
that there are no systematic o↵sets between the two catalogs and are confident that our
stellar mass measurements are accurate within the uncertainties. The stellar masses for
all galaxies in our Coma infall sample may be found in Table 4.2.
4.3.2 Star Formation Rates
We estimate the total SFR of the infall galaxies by combining the SFRs measured from the
GALEX FUV and Spitzer MIPS 24 µm luminosities. Hammer et al. (2010) corrected the
GALEX UV photometry for foreground extinction using the extinction maps of Schlegel
et al. (1998) and the ratio of extinction to reddening in the UV from Wyder et al. (2007)
with no additional correction for internal reddening. In star-forming galaxies, the UV
emission comes from young, massive stars and therefore traces star formation within
the past ⇠100 Myr, while mid-IR light associated with star formation arises from dust
reprocessing of the UV photons. Thus, we can combine the UV and 24 µm data to
yield total SFRs that have e↵ectively removed the e↵ect of internal reddening in the
galaxies (see, e.g., Tzanavaris et al. 2010). As in Treyer et al. (2007), we assumed a UV
flux-to-SFR conversion factor for the GALEX FUV filter from Salim et al. (2007) such
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Figure 4.5: Histograms of the Coma infall galaxy sample in top: stellar mass, center:
SFR, and bottom: sSFR. In the top panel, we show the completeness limit of the Spitzer
IRAC observations from Jenkins et al. (2007). The authors give only the limit in the
3.6 µm band (21 µJy), therefore we estimate the mass limit assuming that the 4.5 µm
band has an equal completeness limit (i.e., the SED is flat). The hashed regions in the
lower two panels indicate galaxies that lack 24 µm data with which to measure dust-
corrected total SFRs, while the shaded regions show the total histograms. We include
only galaxies with r-band absolute magnitude Mr   17.5 mag and limit our SFR and
sSFR estimates to the blue-cloud galaxies in our sample.
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that
SFRFUV (M  yr
 1) =
L⌫,FUV (erg s
 1 Hz 1)
1028.14
, (4.2)
where L⌫,FUV is the FUV luminosity. The authors suggest that this calibration is suitable
for a mixture of metallicities and star formation histories. For the dust-obscured SFRs,
we used the following relation from Rieke et al. (2009):
SFR24µm (M  yr
 1) =
⌫L⌫,24µm (erg s
 1)
4.67⇥ 1041 , (4.3)
where ⌫L⌫,24 µm is the 24 µm luminosity. In the middle panel of Figure 4.5, we show the
distribution of SFRs for the galaxies in the Coma infall sample.
Only 21 of the 31 star-forming galaxies with Mr0   17.5 mag had 24 µm data
with which to calculate dust-obscured SFRs. For the remaining 10 star-forming galaxies
(the hashed regions in the middle panel of Figure 4.5), we cannot determine total SFRs,
however it is unlikely that the dust-obscured SFRs are more than a factor of ⇠2 di↵erent
than the UV-determined values except in the most extreme circumstances (e.g., luminous
infrared galaxies). The SFRs for the galaxies in our Coma infall sample may be found
in Table 4.2. In the case of red-sequence galaxies, the UV emission may not accurately
trace the SFRs, and instead may come from some other source (e.g., a post-AGB stellar
population). We report the UV SFRs corresponding to the NUV fluxes from Hammer
et al. (2010), however we do not compare the X-ray emission from red-sequence galaxies
with the SFRs in Section 4.4.
Using the stellar masses from Section 4.3.1, we also calculate the sSFRs for the star-
forming galaxies in our sample. The bottom panel of Figure 4.5 shows the distribution
of sSFR for the galaxies in our sample. Tzanavaris et al. (2010) found that sSFR cleanly
separated actively star-forming spiral and irregular galaxies (sSFR & 10 11 yr 1) from
quiescent ellipticals and lenticulars. We find that the majority of the star-forming galax-
ies in our sample agree with this sSFR cut, and nearly all of the few galaxies with
184
sSFR < 10 11 yr 1 are missing 24 µm data necessary to determine their total SFRs.
Thus, most of the low sSFR galaxies are in fact lower limits, though we again emphasize
that the true total SFR is not likely to be much greater.
The 24 µm SFRs of the CG galaxies from L14 were determined using the same method
as for the Coma members presented here. The CG UV SFRs were measured using the
Swift Ultraviolet Optical Telescope (UVOT) uvw2 filter, which is approximately 600 A˚
redder than the GALEX FUV e↵ective wavelength. However, both the Swift uvw2 and
GALEX FUV filters cover the UV wavelengths in which galaxy spectra are typically flat,
therefore both are equivalent estimators of SFR. As in Tzanavaris et al. (2010), L14 use
the calibration from Kennicutt (1998) to determine the UV SFRs. The Kennicutt (1998)
calibration is appropriate for a simple Salpeter initial mass function (IMF; Salpeter 1955),
and results in SFRs that are systematically higher than the UV SFRs calculated using
Equation 4.2 by 0.12 dex. We therefore correct the CG UV SFRs by this amount for our
analysis to avoid systematic di↵erences between the CG and Coma galaxy samples.
4.3.3 XMM Data Reduction
We used HEAsoft version 6.12 and the XMM Science Analysis System (SAS) version
13.0.0 to reduce all of the EPIC MOS and pn data utilizing the latest version of the XMM
calibration files (as of 2013 October). The raw MOS and pn event files were calibrated
using the macros emproc and epproc, respectively, which produced event files for each
of the two MOS CCD arrays (MOS1 and MOS2) and the pn camera. We determined
good time intervals (GTIs) from the light curves of the single event1 data with energies
E>10 keV and removed time intervals with count rates >0.35 (0.4) counts s 1 in the
MOS (pn2) data, as these represented periods of background high-energy proton flaring.
We then filtered the event files on the GTIs and selected only events with patterns 0–12
1Single events refer to those with pattern 0, which is analogous to grade 0 using Advanced Satellite
for Cosmology and Astrophysics (ASCA) terminology.
2Throughout the text, if we must distinguish between values for the MOS and pn data, we will list
the pn values in parentheses.
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(0–4), i.e., those in which an incident photon produced signal in 4 (2) total pixels.
Observations 0652310201, 0652310301, 0652310501, 0652310601, 0652310901, and
0652311001, all of which cover the N48 field, su↵ered from an “X-ray storm” that ele-
vated the 10–12 keV count rate to ⇡5 (⇡15) counts s 1 for >50% (>95%) of the exposure
time; therefore, we excluded these observations from our analysis. Table 4.3 lists the total
e↵ective exposure times for the combined observations. Note that while the MOS1+2
data have a much higher e↵ective exposure time, the pn camera has more than twice the
e↵ective area and is much more sensitive to high energy (i.e., > 6 keV) photons than
the MOS cameras. In addition, sensitivity is a function of position and spectral shape,
therefore o↵-axis sources or sources with very hard spectra will be relatively di cult to
detect.
4.3.4 Coma XMM Photometry
Most galaxies (halo sizes of ⇠10.9 kpc based on the median stellar mass in our sample;
Rhode et al. 2007) at the distance of the Coma cluster are unresolved by the XMM
PSF (FWHM of 600), therefore we treated each of the galaxies as point sources for the
purpose of spectral extraction. We created two images per field, one from the MOS1+2
data and one from the pn camera, for background source detection and source aperture
optimization. We used the SASmacro edetect chain to generate source lists in each field
using 0.3–2, 2–10, and 0.3–10 keV images. The 0.3–10 keV images were then examined
at the galaxy positions using eregionanalyse to determine optimum circular aperture
radii based upon maximized signal-to-noise ratios. We used a minimum aperture radius
of r = 1000, encapsulating approximately 60% of the encircled energy of an on-axis point
source. The fluxes determined below were then corrected for the encircled energy fraction.
We extracted spectra, response matrix files (RMFs), and ancillary response files
(ARFs) using evselect, rmfgen, and arfgen, respectively, at each of the 126 galaxy
positions that fell within the XMM footprint in the MOS1, MOS2, and pn event files of
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Table 4.3: Flare-Cleaned XMM-Newton Exposure Times
Field MOS Exposurea pn Exposure
Name (ks) (ks)
C3T 175.3 71.9
C3B 212.9 93.1
N48 186.5 68.4
aThis refers to the sum of the MOS1+2
cameras as we combine the spectra
extracted from these two detectors in our
analysis.
each observation. To correctly extract events and calculate areas, we generated exposure
maps and corresponding mask files from the using eexpmap and emask, respectively. The
masks for each event list were designed to exclude pixels in which the exposure time was
<30% of the maximum or where the spatial gradient in exposure time was >30%. This
masking e↵ectively excluded sources near the edges of the MOS and pn fields of view as
well as correctly extracted sources and backgrounds that su↵ered from bad columns, hot
pixels, or were near CCD gaps.
The readout time of the pn CCDs is su ciently long (73.3 ms) that there is a non-
zero probability of photons striking the detector during readout. At worst, this a↵ects
6.3% of events when the pn camera is operated in full-frame mode. It is impossible to
discern the position of such an event in the readout direction, and the photon is therefore
assigned a random position in the row. These “out-of-time” events manifest themselves
as streaks from bright sources in the readout direction. We examined each of the fields
in our sample and found that none of the X-ray sources were su ciently bright to cause
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bright streaks. We did, however, create images of any low-level streaks to remove them
from the images prior to background source detection so as to reduce false detections due
to out-of-time events.
Extracted spectra from the same observing program were merged using the SAS tool
epicspeccombine to give a single MOS1+2 spectrum and a single pn spectrum of each
source per field. For example, a single galaxy observed by EPIC in the C3T field in
both observation IDs would produce two spectra, i.e., a MOS1+2 and a pn spectrum.
However, if the same source was observed in the N48 field, we did not subsequently
merge the spectra further. Sources detected above the 3-  level in multiple fields were
then jointly fit with model X-ray spectra (see below). The MOS and pn spectra were not
further combined due to the di↵erences in the e↵ective area curves of the two instruments,
which would have resulted in incorrect model normalizations during spectral analysis. We
then grouped the merged spectra such that each energy bin contained at least 20 counts
to properly apply Gaussian statistics.
We determined if sources were detected using the statistical noise defined as
  =
p
S +B ⇥ (AS/AB)2, (4.4)
where S refers to the counts in the source, B is the number of counts in the background
spectrum, and AS/AB is the ratio of the source and background areas. In the low-
count regime (i.e., < 100 counts), we used the Bayesian method of Kraft et al. (1991) to
determine the statistical noise. We considered individual sources detected if the number
of counts in the source region was   3 . This yielded 12 X-ray-detected galaxies across
the three XMM Coma infall fields. We estimated the likelihood of false source detections
by shifting the source aperture by ±4500 in both right ascension and declination as above
for the stellar mass comparison. The shifted source positions were then matched with the
source lists generated by edetect chain within 600. We found no false matches using this
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Table 4.4: Best-Fitting Model Parameters of X-ray-Detected Coma Infall Galaxies
Coma Field NH kT    2/⌫
ID (1019 cm 2) (keV)
19 N48 8.49 0.46+0.10 0.11 1.67
+0.17
 0.20 11.04/16
27 N48 8.51 · · · 1.37± 0.20 15.12/9
34 N48, C3T 8.06 0.21+0.14 0.12 1.33
+1.18
 0.25 18.43/15
44 N48, C3T 8.34 0.44± 0.16 1.53+0.17 0.21 57.80/33
46 N48, C3T 8.33 0.32+0.39 0.15 1.55
+0.15
 0.19 34.67/22
66 N48, C3T 8.30 0.95+0.11 0.13 1.70
+0.10
 0.11 51.56/44
71 N48, C3T 8.20 0.32+0.05 0.03 1.53
+0.16
 0.18 76.65/53
73 C3T 8.06 0.23+0.06 0.05 1.06
+0.34
 0.36 24.76/9
77 N48 8.20 · · · 2.12+0.040.03 489.99/315
· · · C3T · · · · · · 1.22± 0.08 · · ·
84 C3T 8.02 · · · 1.76± 0.28 22.71/7
130 C3B 7.51 · · · 1.69± 0.10 115.17/41
162 C3B 7.42 0.71+0.28 0.31 2.12
+0.22
 0.23 47.83/13
method, and are therefore confident that all of our XMM-Newton detections are spatially
associated with Coma infall members.
We used XSPEC version 12.7.1 to generate photoelectrically absorbed power law
models to determine source fluxes. The absorption was modeled using the multiplicative
Tuebingen-Boulder interstellar medium absorption model, for which we used the weighted
average of the H i column density from the Kalberla et al. (2005) maps as input. If the
source was detected and had   100 counts, we fit the absorbed power law and included
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a thermal plasma component (MEKAL; Mewe et al. 1985, 1986; Kaastra 1992, 1993;
Liedahl et al. 1995; Kaastra & Liedahl 1995) to account for the presence of hot gas
associated with the galaxy, otherwise we assumed a power law photon index   = 1.8 with
no thermal plasma and scaled the model normalization using the ratio of the observed
and model predicted count rates. As we did for the statistical noise above, we used the
Bayesian method of Kraft et al. (1991) to determine upper limits on the numbers of
counts and associated errors in the low-count regime. We list the upper limits on the
X-ray fluxes for X-ray-undetected Coma infall galaxies in Table 4.6, and the best-fitting
model parameters for the X-ray-detected Coma galaxies in Table 4.4. For the X-ray-
detected galaxies, we compute the weighted averages of the source fluxes from each field
and epoch and present the results in Table 4.5.
To quantify the e↵ect of the range of possible photon indices, we evaluated the ex-
pression
F = N 
Z 10 keV
2 keV
E  dE, (4.5)
where F is the flux, N  is the normalization of the power law, and E is the photon energy.
Using photon indices in the range 1.6     2, we find that a hard spectrum with   = 1.6
would have a flux 50% brighter than our assumed spectrum, and a soft spectrum with
  = 2 would be approximately 30% fainter. However, these are only approximations and
that the power law normalization would also change with  , which would lead to smaller
flux di↵erences. We also point out that the uncertainty in the numbers of counts for
each source typically dwarf the uncertainty in the power law slope  , therefore choosing
a fixed value of   = 1.8 likely does not significantly influence our results.
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Table 4.5: Weighted Average Fluxes of Detected Coma X-ray Sources
Galaxy log10(FX,0.3 8) log10(FX,2 10)
ID (erg s 1 cm 2) (erg s 1 cm 2)
19  13.30+0.07 0.08  13.66+0.17 0.21
27  14.09+0.35 0.41  14.02+0.25 0.33
34  14.07+0.25 0.31  14.62+0.57 0.58
44  13.98+0.23 0.14  14.53+1.02 0.36
46  14.45+0.14 0.20  15.49a
66  14.09+0.19 0.12  15.05+0.60 0.46
71  13.74+0.07 0.06  14.45+0.28 0.24
73  13.82+0.13 0.23  14.31+0.87 0.45
77  12.59+0.01 0.01  12.92+0.02 0.02
84  13.73+0.20 0.20  13.31a
130  13.71+0.05 0.05  13.87+0.09 0.10
162  13.75+0.08 0.07  14.78+0.26 0.38
aThe flux uncertainties are unconstrained due to the
small number of bins in the grouped spectrum.
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Table 4.7: Compact Group Chandra Observations
Group obsID Array Mode Exposure
(ks)
HCG 4 2192 S F 19.8
HCG 7 8171+9588 S VF 35.9
HCG 16 923 S F 12.6
· · · 10394a S VF 13.8
HCG 22 8172 S VF 31.8
HCG 31 9405 S VF 35.6
HCG 37 5789 S VF 17.9
HCG 40 5788+6203 S VF 48.3
HCG 42 3215 S VF 31.7
HCG 59 9406 S VF 38.4
HCG 62 921 S F 48.5
· · · 2238 I F 9.4
· · · 10462+10874 S VF 118.5
HCG 68 5903 I VF 4.5
HCG 79 11261 S F 69.2
HCG 90 905 I VF 49.5
HCG 92 789 S F 19.7
· · · 7924 S VF 93.2
HCG 97 4988 S VF 57.4
HCG 100 6978+8491 I VF 45.6
Continued on Next Page. . .
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Table 4.7 – Continued
Group obsID Array Mode Exposure
(ks)
RSCG 4 12872 S F 6.9
· · · 15066 S VF 14.8
RSCG 17 2223 S F 30.4
RSCG 31 6729 S VF 54.5
· · · 8457 S F 9.8
· · · 9093 S VF 24.8
· · · 10567 S F 5.1
RSCG 32 5904 I VF 3.0
a Only covers HCG 16C.
4.3.5 Compact Group Comparison Sample, Chandra Data Re-
duction, and X-ray Photometry
We chose as our CG comparison sample those galaxies from Walker et al. (2012) with
observations in the Chandra archive. The 28 Chandra observations constituting 20 CGs
and 79 galaxies are listed in Table 4.7. To ensure that the data were calibrated with
the most up-to-date reference files, we reprocessed the Chandra data with the CIAO 4.6
script chandra repro before extracting spectra.
As previously stated, we used regions from L14 to extract the X-ray spectra. We
remind the reader that these galaxy regions are defined based on galaxy isophotes from
Spitzer IRAC 8 µm images that have been convolved with the PSF of the Spitzer MIPS
24 µm band. These regions were then applied to the UV and mid-IR data used to
205
determine the SFRs and stellar masses in L14 so as to ensure that the measured values
correspond to the same areas of the galaxies. We used the CIAO tool specextract
to extract the Chandra source and background spectra, as well as create the associated
response files, for each region. The likelihood that several CG galaxies (which are by
definition in close proximity) will overlap on the sky is non-negligible, and in such cases
we extracted a single spectrum for all overlapping regions. Accounting for overlapping
regions reduces the number of objects in our CG comparison sample from 79 galaxies to
55 galaxies and galactic systems.
After extracting the comparison sample CG galaxy spectra from the Chandra obser-
vations, we used XSPEC to determine best-fit model parameters and fluxes in the 0.3–8
and 2–10 keV energy ranges. Unlike the Coma infall galaxies, a large percentage (75%)
of the extracted X-ray spectra were detected above the 3-  level using the definition in
Equation 4.4. In the case of multiple observations taken in the same observing modes
and closely spaced in time, we combined the source spectra, backgrounds, and responses
using the HEASoft tool addascaspec. Otherwise, multiple observations were fit jointly
to better constrain the model parameters.
We fit each detected spectrum with a combination of a power law and a thermal
plasma described by the MEKAL model. The e↵ect of photoelectric absorption due to
gas in our Galaxy along the line of sight was included by fixing the value of NH in the
Tuebingen-Boulder absorption model to the weighted average from the Kalberla et al.
(2005) maps identical to our method for the XMM data discussed in Section 4.3.4. The
best-fit model parameters and fluxes of the X-ray-detected CG galaxies are listed in
Table 4.8. In some galaxies, simplification of the model to a single component (either
a power law or a thermal plasma) resulted in a much better fit, and therefore some
galaxies are missing hot gas temperatures or power-law slopes. For all CG galaxies, we
used the distance corresponding to the 3K CMB velocity of the group listed in NED3 to
3The NASA/IPAC Extragalactic Database (NED) is operated by the Jet Propulsion Laboratory, Cal-
ifornia Institute of Technology, under contract with the National Aeronautics and Space Administration;
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convert the observed fluxes into luminosities. We used a standard cosmology of H0 =
70 km s 1 Mpc 1, ⌦m = 0.3, and ⌦⇤ = 0.7 to transform the velocities into distances.
In the case of a non-detection, we used the observed count rate and background level
to determine a 3-  upper-limit count rate just as we did for the undetected Coma X-ray
sources. We remind the reader that we used the prescription from Kraft et al. (1991) to
calculated upper limit count rates in the low-count regime. The count rates were then
turned into flux upper limits using an absorbed power law model with   = 1.8. Table 4.8
lists the model parameters and X-ray fluxes (3-  upper-limits for non-detections) for the
CG galaxies.
In three galaxies (HCG 90A, HCG 92C and RSCG 4A), an X-ray bright nuclear source
associated with an AGN was detected. We excluded HCG 90A from the comparison
sample because of the extremely bright point source in the nucleus that caused readout
streaks in the Chandra observation. For the remaining two galaxies, we utilized the
superior spatial resolution of Chandra to remove the emission from the nucleus and
better characterize the X-ray emission from star formation and stellar mass. We used a
circular exclusion region with radius 300 to remove the nuclear point sources from these
two galaxies. Such a large exclusion region ensures that we remove > 80% of the encircled
energy from the nuclear source even at high energies (> 6 keV). The exclusion of the
nuclear source left some residual emission from the Comptonized continuum at E &
3 keV, which was best fit with a broken power law model. The residual emission from
the AGNs in these two galaxies will lead to slight overestimates of the X-ray emission
related to star formation and stellar mass for these specific objects. Figure 4.6 shows
the X-ray spectrum of HCG 92C before and after the exclusion of the nuclear source for
comparison.
http://ned.ipac.caltech.edu.
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4.4 Results and Discussion
We detected 12 galaxies in the Coma infall region using XMM-Newton with 2–10 keV X-
ray luminosities in the range 39.62  log10(LX,2 10)  41.49 and 38.59  log10(LX,0.3 8) 
41.16 erg s 1. As in Hornschemeier et al. (2006), we find a dearth of strong X-ray sources
associated with Coma cluster galaxies in the infall region. The lack of strong detections
may be partially attributed to the bright intracluster medium in the Coma cluster, which
has a temperature in the region of NGC 4839 of kT ⇡ 3.1+3.7 2.4 keV (Neumann et al. 2001).
We also confirm the low X-ray-to-optical flux ratios of Coma infall galaxies observed by
Finoguenov et al. (2004) and Hornschemeier et al. (2006) with all but one galaxy in
our sample having values in the range  3.33  log10(FX,0.5 2/Fr)   2.53. The single
galaxy outside of this range has a ratio of log10(FX,0.5 2/Fr) =  1.75, and we discuss the
properties of this source further in Section 4.4.3. The flux in the 0.5–2 keV band typically
comprised ⇠30% of the flux in the 0.3–8 keV band. We present our photometry results
in Tables 4.5 and 4.6 for 12 X-ray detected galaxies and 124 upper limits, respectively.
4.4.1 AGNs in the Coma Infall Environment
Before we can investigate the relations between X-ray emission and galaxy properties (i.e.,
SFR and stellar mass), we must first establish that the X-ray emission is attributable to
those properties and not some other mechanism. The contamination source of greatest
concern is the presence of AGNs in Coma cluster galaxies. Though rare at low-redshift
(see, e.g., Figure 6 in Brandt & Hasinger 2005), bright (LX & 1040 erg s 1) X-ray emission
associated with nuclear activity could significantly skew our results if present. Mahajan
et al. (2010) determined the spatial distribution of AGN host galaxies across the Coma
supercluster (comprised of the Coma cluster and Abell 1367), and found a dearth of
AGNs in the Coma cluster core, with a roughly constant fAGN ⇡ 0.25 outside of the
core and including the area around NGC 4839. We caution that Mahajan et al. (2010)
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only included AGNs identified via optical emission line ratios (i.e., the so-called BPT
diagrams of Baldwin et al. 1981). The authors posit that the decrease in AGNs near
the Coma core may be due to some form of obscuration that makes it di cult to detect
optical AGNs, while other methods may reveal more accreting supermassive black holes.
Due to the varied nature of AGNs, we utilized a multi-wavelength approach to identify
as many AGNs as possible in an e↵ort to characterize any potential contamination in our
subsequent analysis of the X-ray scaling relations with stellar mass and star formation
rate in Coma cluster galaxies. Thus, even if a galaxy nucleus is not luminous enough in X-
rays to be identified as an AGN, we can still flag such a galaxy as possibly contaminated
by an AGN in our X-ray analysis.
Using multi-wavelength tests of nuclear activity in the Coma infall sample has the
added benefit of allowing us to characterize fAGN in the infall region and compare it to the
CG environment. As the fuelling of AGNs may be triggered by galaxy interactions4 (see,
e.g., Storchi-Bergmann et al. 2001), the expectation has been that the fraction of AGNs
in the CG environment is higher than in, e.g., field galaxies. If such galaxy interactions
are the mechanism responsible for the bimodal mid-IR galaxy colors observed by Johnson
et al. (2007) and Walker et al. (2010, 2012) in both the Coma infall and CG samples,
then the AGN properties in the Coma infall region may be similar to CGs.
To characterize the number of AGNs in the infall region, we first examined X-ray
and optical diagnostics for selecting AGNs. None of the X-ray point sources in the
region of the Coma cluster we have examined with XMM have luminosities that can be
unequivocally attributed to an AGN, i.e., LX > 1042 erg s 1. However, one galaxy does
have a 2–10 keV X-ray luminosity of LX,2 10 = 1041.2 erg s 1, which may be due to a
weak AGN. The X-ray spectrum changed from a hard state (  = 1.22) in 2006 to a soft
state (  = 2.12) approximately five years later. Simultaneously, the source brightened
by approximately 25%, which is often seen in X-ray-bright AGNs (e.g., Sobolewska &
4Though, at low redshift, many AGN are also fuelled by secular evolution (Draper & Ballantyne
2012).
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Figure 4.7: Emission-line ratio diagram of the 59 Coma cluster galaxies from the Hammer
et al. (2012) catalog that are both detected by Spitzer IRAC and exhibit optical emission
lines. The gray contours indicate represent the 1, 10, 25, 50, and 90% density distributions
for all galaxies in the MPA/JHU SDSS DR7 catalog of emission-line measurements. The
dashed black line is the separation between normal and active nuclei from Kau↵mann
et al. (2003), while the dotted line represents [O iii]5007/H  = 3, which is used to
separate Seyfert and LINER nuclei. The diagonal crosses indicate galaxies outside of
the XMM footprint, filled circles are X-ray-detected galaxies, empty circles are X-ray-
undetected galaxies, and symbols with diamonds around them indicate galaxies with
0.3–8 keV X-ray luminosities in excess of 1041 erg s 1. We find four galaxies lie in the
Seyfert regime, two of which are detected by XMM, with one with an X-ray luminosity
ndicative of an X-ray-bright AGN.
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Papadakis 2009, and references therein), though could also be attributed to other types
of accreting compact objects. We revisit the properties of this source in Sections 4.4.2
and 4.4.3. We placed the 59 galaxies with optical emission lines (chosen as those with
positive H , [O iii]5007, H↵, and [N ii]6584 fluxes) from our 168 Coma galaxy sample
on the log10([O iii]5007/H ) vs. log10([N ii]6584/H↵) diagram of Baldwin et al. (1981)
in Figure 4.7. The emission-line measurements come from the MPA/JHU SDSS DR7
catalog5. We find that our candidate X-ray AGN lies in the Seyfert region of the diagram
using the definition of Kau↵mann et al. (2003). Three additional Seyfert galaxies are also
found, with one also detected by XMM-Newton though at an X-ray luminosity less than
what can be clearly identified as AGN emission.
To ensure that we have identified all potential AGNs, we also test for activity using
the mid-IR color-color selection criteria of Stern et al. (2005) and Lacy et al. (2007), and
the shape of the mid-IR SED from Donley et al. (2008). The Donley et al. (2008) method
searches for galaxies with a mid-IR SED described by a power-law (“power-law galaxies”).
Donley et al. (2008) argue that each of the color selection methods has disadvantages
(e.g., the false-identification of low-redshift star-forming galaxies as AGNs), therefore we
consider galaxies to be AGN candidates if they meet both the Stern et al. (2005) and
Lacy et al. (2007) selection criteria or if they are a power-law galaxy. Further, Barmby
et al. (2006) caution that the color criteria of Stern et al. (2005) and Lacy et al. (2004),
which was the basis for the AGN selection criteria of Lacy et al. (2007), may misidentify
non-AGNs due to di↵erences in galaxy colors at various redshifts. However, Barmby et al.
(2006) also show that, at very low redshifts similar to the Coma cluster, the mid-IR AGN
color selection criteria perform well at separating true AGN from star-forming galaxy
templates. Note that the log10(S5.8/S3.6) boundary in the Lacy et al. (2007) diagnostic
is rather arbitrary, and while we use this value for plotting purposes, we only classified
as AGN candidates clear outliers in this ratio. The results of the mid-IR classification
5http://www.mpa-garching.mpg.de/SDSS/DR7/
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may be seen in Figure 4.8. Out of 133 galaxies with detections in all four Spitzer IRAC
bands (necessary to use these AGN identification methods), we find two AGNs using the
selection criteria of Stern et al. (2005) and Lacy et al. (2007), one of which is identified
as a power-law galaxy, as defined by Donley et al. (2008). In both cases, the galaxies
are not identified as AGNs by any other method, and interestingly both have absolute
r-band magnitudes consistent with dwarf galaxies.
Finally, we classify galaxies as AGNs if they have q < 0, where q ⌘ log10(f24µm/f1.4 GHz)
(Appleton et al. 2004; Donley et al. 2005). This method selects as AGNs those galaxies
with excess radio luminosity, which is associated with radio-jets, compared to what is
expected for only star formation. We use 1.4 GHz fluxes measured at the location of the
Coma members using Very Large Array observations from Miller et al. (2009). Using all
of the Coma infall galaxies from Hammer et al. (2012) with Spitzer IRAC data that were
also detected by Spitzer MIPS and the Very Large Array6, we find only one radio excess
AGN out of a sample of 12 galaxies. While this AGN is not covered by the XMM-Newton
footprint, it is not identified as an AGN in the optical or mid-IR diagnostics.
The value of fAGN reported by Mahajan et al. (2010) is extremely high: approxi-
mately 25% of galaxies with absolute magnitude Mz <  20.5 mag in the SDSS z-band.
This magnitude limit was chosen to describe fAGN of massive galaxies Mz  M⇤z + 1.8,
whereM⇤z is the absolute magnitude at the turnover in the Schechter luminosity function
(Schechter 1976) for the Coma cluster in the z-band (Blanton et al. 2001). Such a large
value may be explained by the identification of galaxies with no [O iii] and/or H  mea-
surements as AGNs if they have log10([N ii]/H↵) >  0.2, i.e., the galaxies are located
to the right of the line separating star-forming and active nuclei on the BPT diagram
(see Figure 4.7). While the authors used a further selection criterion on the basis of the
H↵ equivalent width (see also Miller et al. 2003), this will include contamination from
low-ionization nuclear emission line (LINER; Heckman 1980) nuclei. While some LINER
6For the 1.4 GHz data, we treated any galaxy with a flux less than three times the RMS as a
non-detection.
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nuclei do contain actively accreting supermassive black holes (e.g., the one radio-excess
AGN identified in our sample has optical emission line ratios consistent with a LINER
nucleus), the inclusion of all optically identified LINERs will artificially inflate fAGN.
Therefore, we consider the value reported by Mahajan et al. (2010) to be an upper limit
on the fraction of optically identified AGNs in Coma.
From our multi-wavelength methods of identifying AGNs, we have identified seven
AGN candidates in the Coma infall region sample defined by Hammer et al. (2012) for
which Spitzer IRAC data exist. We list the AGNs and the methods that identified them
in Table 4.9. Using the definition of Mahajan et al. (2010), we selected galaxies with
r-band absolute magnitudesMr M⇤r +1.8, to determine fAGN in the infall region. This
cut is necessary as the number of galaxies with AGNs is expected to decline rapidly below
M⇤r +2. Note that we do not expect di↵erences in the SDSS r- and z-bands to a↵ect our
results as the galaxies in fAGN are defined relative to the turnover in the galaxy luminosity
function. From our sample of 168 Coma infall galaxies, we identify 62 galaxies that meet
our luminosity criterion assumingM⇤r =  20.06 AB mag (Blanton et al. 2001). Only five
out of the seven AGNs identified using our multi-wavelength tests met our luminosity
criterion (all except the mid-IR-identified AGNs), therefore we use these to calculate
a total fAGN = 0.08
+0.07
 0.04. The quoted uncertainties in our fAGN values are at the 1-
  level and represent the numerically propagated Poisson counting uncertainties in the
low-count regime using approximations from Gehrels (1986). We find that the fraction
of AGNs in the Coma infall region, excluding possible contamination from LINERs, is
much lower than previously reported, even when including AGNs identified at non-optical
wavelengths. We caution the reader, however, that our fAGN is a lower-limit due to the
absence of data and non-detections of galaxies at several wavelengths covering the full
subset of galaxies in the subsample of Hammer et al. (2012) Coma infall galaxies with
Spitzer IRAC observations.
Tzanavaris et al. (2014) use Chandra observations to study the X-ray point sources
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in the same sample of CGs used in the di↵use X-ray study of Desjardins et al. (2013).
Using a much stricter optical luminosity cut (MR <  20 mag) than we have employed
in this study, the authors determine fAGN = 0.08
+0.35
 0.01 for sources with log10(LX,0.5 8) >
41 erg s 1. Further, using similar selection criteria to Tzanavaris et al. (2014), Martini
et al. (2006) find fAGN = 0.05±0.02 for X-ray bright AGNs in a study of eight low-redshift
galaxy clusters (0.05 < z < 0.31). In our Coma cluster infall sample, only one source
meets the X-ray luminosity selection criterion for an AGN (in both of the energy ranges
0.3–8 and 2–10 keV). If we then use as the denominator in fAGN only the 42 galaxies for
which we have XMM spectra and that meet our optical requirement (Mr < M⇤r + 1.8),
we estimate an X-ray AGN fraction of fAGN = 0.02
+0.06
 0.02. As this is not statistically
significant, we can only assign a 1-  upper-limit on the X-ray AGN fraction in the Coma
infall region of fAGN < 0.09.
To compare our results with the X-ray AGN fraction of CG galaxies from Tzanavaris
et al. (2014) in the R-band, we must convert our SDSS r magnitudes. Strictly speaking,
conversion of our luminosity cut in the SDSS r-band to the R filter requires knowledge
of the galaxy SEDs. As the bulk of galaxies in the Coma infall region lie on the red-
sequence, we use the average of the E/S0 colors from Fukugita et al. (1995) at z = 0
to obtain a color correction of r   R = 0.24 AB magnitudes, which yields 29 galaxies
(5 AGNs) in our Coma infall sample (X-ray fAGN = 0.03
+0.09
 0.03, or a 1-  upper-limit of
fAGN < 0.13). It is unclear if the R magnitudes Tzanavaris et al. (2014) used from
Hickson et al. (1989) are in the Johnson or Cousins R filter, and the correction given
previously applies to the Cousins R filter. If the Hickson et al. (1989) data are in the
Johnson R filter, then a correction of RJ   RC =  0.12 AB magnitudes from Fukugita
et al. (1995) must be applied, resulting in an even stricter optical luminosity cut and
yielding only 26 galaxies (5 AGNs) in our Coma infall sample (X-ray fAGN = 0.04
+0.11
 0.04,
or a 1-  upper-limit of fAGN < 0.14). While consistent with the results of Tzanavaris et al.
(2014) and Martini et al. (2006), our result is unfortunately not statistically significant.
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Expanding the sample to cover other parts of the infall region at the same radial distance
from the cluster core may yield more X-ray detected AGNs and provide better statistics
with which to compare these two environments. Further, while our X-ray fAGN is not
statistically significant enough to definitively link the Coma infall and CG environments,
we do note that the value of fAGN for X-ray bright sources is expected to be very small
for low-redshift galaxy cluster such as Coma (Martini et al. 2013).
Mart´ınez et al. (2008) examine the properties of the AGNs in CGs detected by their
optical emission line ratios. The authors find that there is a dearth of broad-line AGNs
and that the ratio of broad-line to narrow-line AGNs is much lower than in other samples.
Three of the four optically identified AGNs in our Coma infall sample have line dispersions
of 63±4, 29±47, and 101±2 km s 1 (Coma galaxies 77, 147, and 162, respectively) in the
Balmer lines, which are below the value typically used to classify sources as broad-line
AGNs. The fourth optically identified AGN (Coma galaxy 159) does not have a Balmer
series line dispersion in the MPA/JHU SDSS DR7 catalog. We find that the Coma infall
region is largely similar to the CG environment in this respect (though see Section 4.4.3
for a detailed analysis of Coma galaxy 77), however this may be due to small number
statistics. Mart´ınez et al. (2008) also find that a much smaller fraction of galaxies in
HCGs (64%) and in CGs from the Updated Zwicky catalog (69%; Focardi & Kelm 2002)
exhibit emission lines compared to our Coma infall sample. From the 93 Coma infall
galaxies in the MPA/JHU SDSS DR7 database, 98% have positive fluxes in one of the
H , [O iii]5007, H↵, or [N ii]6584 emission lines, while 63% have positive fluxes in all
four lines. It is unclear what Mart´ınez et al. (2008) mean when they list the fraction
of CG galaxies with emission-line spectra, and if the authors required multiple lines be
present, then it is possible that the Coma infall and CG samples have similar fractions
of emission-line galaxies.
More recently, Sohn et al. (2013) reported on the optical fAGN in CGs using a sample
of such systems identified in SDSS by McConnachie et al. (2009). The authors use the
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BPT emission line diagnostic to determine fAGN = 0.07±0.02 in CG galaxies. The value
of fAGN increases to 0.24 ± 0.03 when considering systems with low-S/N [N ii] and H↵
emission lines. From our optically selected AGNs, we determine fAGN = 0.09
+0.09
 0.05 for all
emission-line galaxies in our Coma infall sample that meet our optical luminosity cut in
the SDSS r-band, which is consistent with the value for the AGN fraction in CGs (using
only high-S/N emission lines) reported by Sohn et al. (2013) within the uncertainties.
Finally, Gallagher et al. (2008) and Sohn et al. (2013) used mid-IR AGN selection
techniques in the CG environment. Sohn et al. (2013) find no AGNs in their sample of
SDSS CG galaxies using mid-IR photometry from theWide-field Infrared Survey Explorer
telescope using selection criteria from Jarrett et al. (2011) and Mateos et al. (2012).
Contrastingly, Gallagher et al. (2008) find a large number of galaxies (61%) in the subset
of Hickson (1982) CGs studied by Johnson et al. (2007) have mid-IR SEDs consistent
with dust warmed by either star formation or nuclear activity. The authors indicate that
the the mechanism responsible for the mid-IR activity is ambiguous, and that other mid-
IR diagnostics such as the ones used in this paper would fail to identify AGNs in their
sample. As the mid-IR active galaxies in CGs from Gallagher et al. (2008) span a wide
range of properties, and it is not clear which of them are powered by black hole accretion,
it is impossible to draw parallels between the mid-IR AGNs in CGs and the Coma infall
region. However, from our mid-IR identified AGNs, we again note that both galaxies
have relatively low stellar masses. It is possible that the stellar mass determinations
of the mid-IR AGNs are inaccurate due to the contribution of the AGN SED in the
photometric bands used for our mass calculations, though it is also unlikely as an AGN
is not expected to strongly influence the 3.6 and 4.5 µm bands. The r-band absolute
magnitudes also indicate that our two mid-IR AGNs are in the dwarf galaxy regime, so it
is likely that they are relatively low-mass. We find it intriguing that two low-mass dwarf
galaxies have retained enough gas and dust in the infall region to both fuel AGNs and
reprocess the AGN emission into the mid-IR through dust heating.
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4.4.2 The Relation Between LX, SFR, and Stellar Mass
Now that we have identified potential sources of AGN contamination in our X-ray mea-
surements, we examine the relationships between the integrated galaxy X-ray luminosity,
SFR, and stellar mass. In Figure 4.9, we compare the full-band 0.3–8 keV X-ray luminos-
ity with the galaxy stellar mass for the quiescent galaxies defined in Section 4.2. Boroson
et al. (2011) use a sample of 30 elliptical and lenticular (E/S0; non-cD) galaxies to study
the relation between LX and the K-band luminosity. The work of Boroson et al. (2011)
built upon earlier e↵orts of studies such as Kim & Fabbiano (2004) and Sun et al. (2007)
to establish baselines for the amount of X-ray emission expected from galaxies as a func-
tion of their K-band luminosity. As previously stated, only ⇠25% of the 2MASS K-band
measurements for the complete Hammer et al. (2012) catalog are bright enough to be
considered reliable, therefore we convert the Boroson et al. (2011) data from LK to stel-
lar mass using a K-band mass-to-light ratio of ⌥ = 0.95 M  L 1K,  (Bell et al. 2003) for
comparison with our Coma observations. Desjardins et al. (2014) show that the relation
from Bell et al. (2003) is comparable to mid-IR SED fitting. Similarly, Figure 4.4 shows
that the method of Eskew et al. (2012) for determining stellar masses is consistent with
SED fitting by Edwards & Fadda (2011), therefore we are confident that converting the
K-band luminosities from Boroson et al. (2011) to stellar masses using the Bell et al.
(2003) mass-to-light ratio produces masses in agreement with our Coma and CG samples.
Utilizing the high spatial resolution of Chandra, Boroson et al. (2011) were able to
decompose the X-ray emission into individual components, i.e., low-mass X-ray binaries
(LMXBs), hot gas, and nuclear emission. With the exception of several X-ray luminous
nuclei, the dominant components of the X-ray emission were found to be LMXBs7 and
hot gas. In particular, the hot gas dominates the X-ray luminosity in galaxies with stellar
masses log10(M) & 11 M , while LMXBs become the dominate contributor to the X-ray
emission at lower masses in the Boroson et al. (2011) sample. We caution the reader that
7Boroson et al. (2011) assume that all point sources observed in E/S0 galaxies are LMXBs.
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Boroson et al. (2011) have only one galaxy at very low masses (M ⇠ 109 M ) to anchor
the low-mass end of the relation between LX and stellar mass.
All of the red-sequence Coma infall members covered by the XMM-Newton footprint
have massesM . 1011 M , therefore we expect that most of these systems are dominated
by X-ray emission from LMXBs. From Figure 4.9, we find that the X-ray detected Coma
cluster galaxies agree well with the total X-ray luminosities from Boroson et al. (2011),
though two of the galaxies show excess X-ray emission for their K-band luminosities
compared to what is expected from LMXBs only. Both of the galaxies with excess X-ray
emission for their stellar masses of M ⇡ 1010.8 and 1011 M  in Figure 4.9 (sources 44
and 19, respectively, in Table 4.2; ⇠6⇥1039 and 2⇥1040 erg s 1, respectively, above what
is expected for only LMXBs) agree with the distribution of galaxies from Boroson et al.
(2011), and may simply reflect the presence of hot gas. Indeed, we fit the X-ray spectra
of both galaxies with a combination MEKAL and power-law model and estimate a gas
temperature of 0.50+0.10 0.12 keV. However, it is also possible this excess X-ray emission is due
to the presence of an X-ray weak AGN that was previously unidentified in Section 4.4.1.
The power-law slope of the X-ray spectrum (1.76+0.29 0.35) is consistent with an AGN. We also
note that several of the galaxies with stellar massesM < 1011 M  have X-ray luminosities
a few tenths of a dex in excess of what is expected for only LMXBs, though are largely
consistent with the LMXB expectation within the uncertainties. This may be explained
by the uncertainties in the X-ray luminosities, the scatter in the Boroson et al. (2011)
relation at such stellar masses, and/or the contamination of hot gas both surrounding the
galaxies and from the Coma ICM. This latter point is particularly relevant in locations
where there may be gradients in the ICM that may lead to poor background subtraction
when analyzing the X-ray spectra.
Hornschemeier et al. (2006) used Chandra Advanced CCD Imaging Spectrometer
(ACIS) observations of a nearby, smaller field in the infall region to similarly study
the X-ray/optical flux ratio. The authors found that the X-ray emission in confirmed
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Figure 4.9: LX in the 0.3–8 keV band as a function of stellar mass for the red-sequence
galaxies identified in Figure 4.3. We compare our sample galaxies (7 filled black triangles
and 19 empty black triangles for detections and upper limits, respectively) with the
CG sample (red and blue circles for E/S0 galaxies and those with ambiguous or mixed
morphologies, respectively) and data from Boroson et al. (2011), which are shown as
green squares. Empty circles represent 3-  upper limits on the X-ray luminosities of
the X-ray-undetected CG galaxies with the colors corresponding to the morphologies as
previously stated. The orange asterisks show the stacked XMM spectra at the mean
stellar mass for all of the galaxies included in the stack (the error bars in stellar mass for
the stacked data show the range of the galaxy stellar masses used in the stacking). We
also show the expected X-ray luminosity from LMXBs (dashed line) and the associated 1-
  uncertainties (dotted lines) from Boroson et al. (2011). We find that the X-ray detected
Coma cluster infall galaxies match well with the overall distribution of the Boroson et al.
(2011) E/S0 galaxy sample.
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Coma members was lower than what was expected for the optical flux, and possibly
indicated suppression due to the cluster environment (e.g., the e↵ect of the ICM on
the galaxies). The Chandra data would have more e↵ectively resolved point sources in
the field out of the high background caused by the ICM, therefore the Hornschemeier
et al. (2006) study should have been able to detect fainter X-ray sources compared to
our XMM-Newton observations. Despite this, the four spectroscopically confirmed Coma
member galaxies detected with Chandra by Hornschemeier et al. (2006) were also detected
in our study. The authors find that these sources all have low X-ray-to-optical flux
ratios (measured in the R-band), though they are all consistent with the scaling relations
presented in our study. The fact that the galaxies have low X-ray/optical flux ratios,
but are consistent with the scaling relations between LX , SFR, and stellar mass may be
indicative of the complicated relationship between the optical R-band luminosity and the
physical properties of the galaxies (e.g., stellar mass).
Hornschemeier et al. (2006) used Chandra Advanced CCD Imaging Spectrometer
(ACIS) observations of a nearby, smaller field in the infall region to similarly study the
X-ray/optical flux ratio. The authors found that the X-ray emission in confirmed Coma
members was lower than what was expected for the optical flux, and possibly indicated
suppression due to the cluster environment (e.g., the e↵ect of the ICM on the galaxies).
We note that the Chandra data would have more e↵ectively resolved point sources in
the field out of the high background caused by the ICM, therefore the Hornschemeier
et al. (2006) study should have been able to detect fainter X-ray sources compared to
our XMM-Newton observations. Despite this, the four spectroscopically confirmed Coma
member galaxies detected with Chandra by Hornschemeier et al. (2006) were also detected
in our study. The authors reported that these sources all have low X-ray-to-optical flux
ratios8 (measured in the R-band), though they are all consistent with the scaling relations
8Though the X-ray/optical flux ratios of the Hornschemeier et al. (2006) Coma galaxies are low,
we note that they are consistent with normal galaxies in the Chandra Deep Field in Figure 7 of Horn-
schemeier et al. (2006).
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presented in our study. The fact that the galaxies have low X-ray/optical flux ratios,
but are consistent with the scaling relations between LX , SFR, and stellar mass may be
indicative of the complicated relationship between the optical R-band luminosity and the
physical properties of the galaxies (e.g., stellar mass).
In Figure 4.10, we examine the X-ray emission from massive Coma infall galaxies
identified as star-forming using the NUV/optical color-magnitude diagram in Figure 4.3.
We have excluded the quiescent galaxies because the SFR is expected to be negligible
in such galaxies, and we have already discussed the relationship between LX and stellar
mass for these objects. Under the assumption that all of the UV and 24 µm emission is
related to the galaxy SFR in the star-forming galaxies, we plot the observed 2–10 keV
luminosity compared to the value expected from Lehmer et al. (2010) in Figure 4.10.
This value is calculated using the equation
LX,2 10 = ↵M? +  SFR, (4.6)
whereM? is the stellar mass, and the coe cients ↵ and   are 9.05⇥1028 erg s 1 M 1  and
1.62 ⇥ 1039 erg s 1 (M  yr 1) 1, respectively. We also plot our Chandra measurements
of the CG galaxy comparison sample using SFRs and stellar masses from L14, and the
Lyman Break Analog (LBA) sample of Basu-Zych et al. (2013). The LBAs represent
low-mass, actively star-forming galaxies evocative of the Lyman Break Galaxies found
at high redshifts (Heckman et al. 2005). Regarding the CG galaxies in Figure 4.10,
we have included galaxies that have ambiguous morphologies or multiple galaxies with
mixed morphologies in addition to those that are identified as star-forming spiral and
irregular galaxies. We find that the Lehmer et al. (2010) relation, within the uncertainties,
describes what may be considered a lower-bound to the expected 2–10 keV X-ray emission
from galaxies. However, several galaxies show excess X-ray emission compared to the
values expected from their SFRs and stellar masses.
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Figure 4.10: The observed 2–10 keV X-ray luminosity of Coma infall galaxies as a function
of the predicted value from Lehmer et al. (2010), i.e., LX(SFR,M?), where M? is the
stellar mass. The dashed black line shows the one-to-one relation for references, while the
dotted black lines are the 1-  spread in the Lehmer et al. (2010) data. Detected Coma
members are shown as filled, black triangles. We also show the CG comparison sample
as red and blue circles for spiral/irregular galaxies and ambiguous/mixed morphologies,
respectively. Again, empty symbols represent X-ray undetected galaxies with 3-  upper
limits. The LBA sample of Basu-Zych et al. (2013) is shown as green diamonds. We also
stack the X-ray-undetected Coma galaxies as we did in Figure 4.9, which are shown as
orange asterisks at the mean predicted X-ray luminosities for all of the galaxies in each
stack. The horizontal error bars show the range of predicted X-ray luminosities for all
of the galaxies in each stacked sample. Neither stacking sample yielded a detection, but
both upper limits are consistent with the relation from Lehmer et al. (2010). We find that
many of the Coma galaxies are consistent with the Lehmer et al. (2010) relation within
the uncertainties (excepting Coma galaxy 77, which is a known AGN from Section 4.4.1).
Several CG galaxies are also consistent with their predicted values, though there are many
galaxies with excess X-ray emission similar to the LBAs.
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Table 4.11: Compact Group Galaxy Oxygen Abundances
Galaxy 12 + log 10(O/H)  LaX Ref
Name (dex)
HCG 7C 8.99 0.93+0.21 0.23 1
HCG 16C 9.11 0.06± 0.19 1
HCG 31ABC 8.14b 0.84± 0.19 2
HCG 59C 8.81 1.40 1
HCG 59D 8.52  0.58+0.52 0.64 1
HCG 79Bc 9.05 0.49+0.22 0.23 1
HCG 79Dc 8.54 0.49+0.22 0.23 1
RSCG 31A 8.95 0.22± 0.20 1
RSCG 31B 9.03 0.54 1
RSCG 31C 8.33 1.75± 0.18 1
a Defined as log10(LX,obs)  log10(LX,pred), where the errors are the
uncertainty in the observed luminosities added in quadrature to the
scatter in the Lehmer et al. (2010) relation.
b This is the weighted average of the HCG 31A, 31B, and 31C
measurements.
c These regions used for these galaxies overlap, and therefore the
luminosities reflect the HCG 79ABCD system, however no oxygen
abundances are available for HCGs 79A and 79C.
References: (1) MPA/JHU SDSS DR7 catalog; (2) Richer et al. (2003)
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While the cause of the excess X-ray emission observed in some galaxies compared to
the value predicted by Lehmer et al. (2010) is still unknown, it has been suggested that
low-metallicity gas may favor the creation of black hole binaries rather than neutron star
binaries due to decreased mass loss from line-driven winds in massive O/B stars, which
are the progenitors of the compact objects in XRBs (Fragos et al. 2013). Basu-Zych et al.
(2013) suggest that the LBAs (which are lower mass and hence lower metallicity) support
this hypothesis, though the observational evidence is far from clear. The existence of a
metallicity dependence may explain the excess X-ray emission observed in LBAs, though
not all CG galaxies are necessarily low-metallicity, though they have a large scatter
between their observed and predicted X-ray luminosities from the Lehmer et al. (2010)
relation between 2–10 keV LX , SFR, and stellar mass.
Only 9 CG galaxies have oxygen abundance measurements from the MPA/JHU SDSS
catalog, plus an additional measurement from the literature, to explore this metallicity
link (see Table 4.11). Note that we do not attempt to explore the link between metallicity
and X-ray emission for the Coma cluster galaxies due to the poor constraints on the X-
ray luminosities from the XMM data. We do note that from the 10 CG galaxies, some
low-metallicity galaxies (e.g., HCGs 31ABC and RSCG 31C) do show increased X-ray
emission compared to their expected values from Lehmer et al. (2010). Similarly, some
of the highest metallicity CG galaxies (e.g., HCG 16C and RSCG 31A) agree much
better with the Lehmer et al. (2010) relation9. However, there are exceptions such as the
relatively low-metallicity galaxy HCG 59D is observed to have less X-ray emission than
predicted by the Lehmer et al. (2010) relation, and high-metallicity HCG 7C has a large
X-ray excess.
Alternatively, it has been suggested that the unique star formation histories in these
systems (e.g., bursts of tidally induced star formation due to prolonged multi-galaxy
interactions) may be responsible (P. Tzanavaris, private communication). A comparison
9Though the agreement between the observed and predicted X-ray luminosities of HCG 16C is not
particularly surprising as it was included in the Lehmer et al. (2010) sample used to define their relation.
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of the star formation histories in the CG and Coma infall environments has not yet been
investigated, and doing so may reveal the importance of the history on galaxy X-ray
emission in dense regions.
4.4.3 The Low-Luminosity AGN in Coma Galaxy 77
We identify one potential X-ray AGN (Coma galaxy 77) in our sample based on its
X-ray luminosity (LX > 1041 erg s 1 in both the 0.3–8 and 2–10 keV bands). Due to
the observed and predicted rarity of such sources in the Coma infall region, we further
investigate the X-ray emission from this source to determine if the X-rays are truly from
an AGN instead of, e.g., an ultra-luminous X-ray source. The size of the XMM extraction
region is large (1000 ⇡ 4.8 kpc at the distance of Coma) compared to the size of an AGN,
therefore the source of the X-ray emission may be from outside of the nucleus. As well
as the X-ray properties, we also investigate the optical characteristics of the AGN. In
addition to its X-ray luminosity, we classified Coma galaxy 77 as an AGN based upon
its optical emission-line ratios, however the emission lines themselves are fairly weak in
intensity.
We first tested if the source of the X-ray emission is truly spatially associated with the
nucleus. For this, we used Hubble Space Telescope (HST) Advanced Camera for Surveys
(ACS) Wide Field Channel (WFC) images in the F475W and F814W bands obtained
in 2006 November. We chose the HST data because of their high spatial resolution
and sensitivity, which allowed us to search for faint, optical point sources even near
the bright galaxy nucleus. The F475W and F814W filters can be considered similar
to the SDSS g and Cousins I filters10, respectively, and we subsequently refer to these
as g475 and I814. The images were retrieved from the Hubble Legacy Archive11 and
were thus already calibrated, including stacking of individual exposures, and correction
10The F814W peaks at a similar wavelength to the Cousins I filter, but extends farther to the red like
the Johnson I filter.
11http://hla.stsci.edu
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for geometric distortion and astrometric o↵sets. We divided the HST images by their
median images, which were generated using a 13⇥13 pixel boxcar smoothing, to facilitate
the detection of faint optical point sources, particularly in regions with strong gradients
from the Coma galaxy. Using the median-divided images, we used daofind in IRAF to
detect 16 optical point sources at the 4-  level in both the g475 and I814 images within the
X-ray extraction region. We list these sources, their g475 and I814 magnitudes measured
in 0.005 apertures with daophot, and their g475   I814 colors in Table 4.12.
We find that the centroid position of the X-ray source is located 1.8± 1.000 from the
centroid of the nucleus in the I814 image (taken to be the brightest optical point source in
the region), where the uncertainty arises mainly from the error in the absolute astrometry
of XMM-Newton (Kirsch et al. 2004). Therefore, we are reasonably confident that the
primary source of the X-ray emission in Coma galaxy 77 is the nucleus. We show both
the HST/ACS I814 image of the galaxy and the median-divided I814 image with the XMM
extraction region, X-ray centroid, and optical point sources marked in Figure 4.11.
Before continuing our discussion of the relation between the X-ray and optical emis-
sion in Coma galaxy 77, we first re-examine the SDSS spectrum of the galaxy nucleus. In
Section 4.4.1, we used the MPA/JHU SDSS DR7 catalog to obtain emission-line fluxes
and widths to classify our galaxy as an AGN. The catalog is constructed using an auto-
mated line-fitting algorithm, which is useful for analyzing large spectral data sets, but
which can also improperly fit individual objects. The MPA/JHU catalog lists the aver-
age Balmer series line width for the Coma galaxy 77 nucleus as 63 ± 4 km s 1, which
would indicate that this source has a Seyfert 2 nucleus. However, such a classification
does not match the observed X-ray properties of the source. In Seyfert 2 X-ray spectra,
we expect the presence of significant absorption (NH & 1022 cm 2) at the redshift of
the galaxy from the obscuring material around the AGN (75% of Seyfert 2 nuclei have
NH > 1023 cm 2, while only 4% have NH < 1021 cm 2; Risaliti et al. 1999). Including
a redshifted absorption model component in addition to the absorption from the Milky
237
1"
N E
1"
N E
F
ig
u
re
4.
11
:
L
ef
t:
T
h
e
H
S
T
/A
C
S
I 8
1
4
im
ag
e
of
C
om
a
ga
la
xy
77
.
R
ig
h
t:
T
h
e
sa
m
e
im
ag
e
af
te
r
m
ed
ia
n
d
iv
id
in
g
to
re
m
ov
e
th
e
st
ro
n
g
op
ti
ca
l
gr
ad
ie
nt
of
th
e
ga
la
xy
.
M
ed
ia
n
-d
iv
id
in
g
en
ab
le
s
u
s
to
d
et
ec
t
fa
in
t,
op
ti
ca
l
p
oi
nt
so
u
rc
es
n
ea
r
th
e
nu
cl
eu
s.
B
ot
h
im
ag
es
h
av
e
th
e
sa
m
e
si
ze
an
d
al
ig
n
m
en
t.
T
h
e
m
ar
ke
d
re
gi
on
s
in
b
ot
h
im
ag
es
co
rr
es
p
on
d
to
th
e
X
-r
ay
ce
nt
ro
id
(c
ya
n
⇥)
,
X
M
M
ex
tr
ac
ti
on
re
gi
on
(d
as
h
ed
cy
an
ci
rc
le
),
op
ti
ca
l
p
oi
nt
so
u
rc
es
(r
ed
ci
rc
le
s)
,
an
d
th
e
30
0 -d
ia
m
et
er
S
D
S
S
sp
ec
tr
al
fi
b
er
(g
re
en
ci
rc
le
).
238
Way ISM while fitting the X-ray spectra of Coma galaxy 77 yields a negligible column
density of NH ⇠ 1012 cm 2 (with power-law slopes of   = 1.15 ± 0.08 and 2.13 ± 0.04
in the 2006 and 2011 epochs, respectively, which we note due to the degeneracy between
redshifted NH and  ), which implies that we are instead observing an unobscured Type
1 AGN. To verify this, we isolated the [N ii]+H↵ line complex in the SDSS spectrum
and used splot in IRAF to fit a simple first order polynomial to the continuum and
deblend the complex using four gaussian components for each of the [N ii], narrow H↵,
and possible broad H↵ lines. This procedure is similar to the one used by Ho et al.
(1997) in their study of low luminosity Seyfert nuclei in dwarf galaxies. The result of
the deblending is shown in Figure 4.12. We find that a weak, broad H↵ component is
necessary to explain the shape of the blended line complex. This broad H↵ line has a
dispersion corresponding to 1576 km s 1 indicative of a Type 1 Seyfert nucleus, and a
fractional flux in the broad H↵ line compared to the total [N ii]+H↵, i.e.,
fblend =
fH↵,broad
fN [ii] + fH↵,narrow
, (4.7)
of fblend = 0.62. A similar examination of the H  line shows no evidence for a broad
component.
Filippenko & Sargent (1985) caution that broad TiO molecular absorption bands in
the spectra of cool giant stars can make an apparent broad emission-line feature near
the position of H↵. To account for the e↵ect of any TiO bands present in our data,
we subtracted an elliptical galaxy template from the Kinney-Calzetti Spectral Atlas of
Galaxies12 (Calzetti et al. 1994; Kinney et al. 1996) as a model for the galaxy bulge (scaled
to 80% of the flux in the Cousins I-band as discussed below) from the observed SDSS
spectrum and re-fit the [N ii]+H↵ complex. Due to the larger uncertainties introduced
by the subtraction of the elliptical galaxy template, the fit produced inconsistent results
from multiple attempts to model the line complex from the moderate S/N spectrum (e.g.,
absorption lines fitted to noise). We thus fixed the relative positions of the emission lines
12http://www.stsci.edu/hst/observatory/crds/cdbs kc96.html
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Figure 4.12: The [N ii]+H↵ line complex in the SDSS spectrum (black) of Coma galaxy
77 shown in the observed frame. We used four gaussian lines to model each of the two
narrow [N ii], narrow H↵, and broad H↵ components. The individual gaussians are shown
in green, and the total combined fit to the complex is shown in red. The blue line shows
the polynomial fit to the continuum. We find that a broad H↵ line is necessary to explain
the shape of the blended line complex, and estimate a line dispersion of 1575 km s 1,
which indicates the Coma galaxy 77 nucleus is a broad-line (Type 1) AGN.
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from our previous fit to the unmodified SDSS spectrum and provided the FWHM of the
broad H↵ line as an initial guess. We find an underlying broad H↵ component with a
width of 1281 km s 1 and fblend = 0.39 produces a reasonable fit to the data, which is
still indicative of a Type 1 AGN.
To further test if the Coma galaxy 77 nucleus is the primary source of the X-ray
emission, we computed the expected 2500 A˚ flux for an unobscured AGN based on
the relation from Equation 1c of Ste↵en et al. (2006) using the rest-frame 2 keV flux
of the X-ray source associated with Coma galaxy 77. We determined the rest-frame
2 keV monochromatic luminosity log10(L2 keV) = 22.92 ± 0.03 erg s 1 from the 2006
epoch, as this is better matched in time to the HST data compared to the later XMM-
Newton observation13. We used the synphot package in PyRAF to estimate the g475 and
I814 magnitudes of an AGN at z = 0.021 using the median-combined composite AGN
spectrum from Vanden Berk et al. (2001). The composite spectrum was made using a
sample of 2204 AGNs (primarily broad-emission-line quasars, though with some possible
Type 2 AGN contamination) with redshifts in the range 0.044  z  4.789. Using the
composite spectrum from Vanden Berk et al. (2001) and a Galactic reddening value of
E(B V ) = 0.0086 mag (Schlafly & Finkbeiner 2011), we predict that a z = 0.021 AGN
should have g475 I814 =  0.65 mag and an apparent magnitude of g475 = 22.30+2.57 2.58 mag
in the STmag system, where the uncertainties reflect the numerical propagation of the
2 keV luminosity 90% confidence interval and the uncertainties in the L2 keV   L2500
relation from Ste↵en et al. (2006). The AGN template only spans approximately half
of the I814 bandpass, therefore our synthetic color is artificially bluer than what would
otherwise be measured (and should therefore be considered a lower-limit), however we
do not expect a significant o↵set. Our calculation assumes that the internal reddening of
the Coma galaxy is negligible, which seems likely given the lack of obvious dust features
in the HST/ACS images. We find that the AGN template, as estimated from the rest-
13As the optical and X-ray portions of AGN spectra do not necessarily vary together in time, we would
prefer to use optical and X-ray data taken as close to simultaneously as possible.
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frame 2 keV monochromatic luminosity using Ste↵en et al. (2006), is 2.78+2.58 2.57 magnitudes
fainter than the HST/ACS photometry of the nuclear optical point source in the g475 filter.
As we will discuss below, this large discrepancy can be mostly explained by examining
the source of the optical emission.
We independently measured the brightness of the AGN based on a simple model of
the optical spectrum. First, we observe that the SDSS spectrum shows a flux decrease at
blue wavelengths, rather than the expected rise in the AGN continuum with decreasing
wavelength towards the near-UV seen in the Vanden Berk et al. (2001) composite. The
300 fiber used to obtain the SDSS spectrum undoubtedly includes some contaminating
starlight from the host galaxy. We thus approximate the optical spectrum as a linear
combination of the AGN composite from Vanden Berk et al. (2001) and an elliptical
galaxy template. We normalized the SDSS spectrum to the observed magnitude of the
nucleus in the g475-band so that we may better compare our result with the HST photom-
etry, as the SDSS spectrum, like the AGN template, spans only approximately half of the
I814 bandpass. Additionally, scaling to the HST data, which was taken much later than
the SDSS spectrum, assumes that the AGN only varies in its optical continuum strength
and that the optical colors of the AGN component do not vary. Recent studies in this field
have presented arguments both for (e.g., Sakata et al. 2010) and against (e.g., Schmidt
et al. 2012) the constancy of AGN colors over time, therefore our assumption may be
incorrect. After scaling the SDSS spectrum to the HST g475 photometry, we used the
synphot package in PyRAF to mix the AGN and the elliptical galaxy templates in incre-
ments of 10% in the AGN/bulge ratio. We also redshifted the the total AGN+elliptical
galaxy template to z = 0.021, applied reddening of E(B   V ) = 0.0086 mag, and scaled
the total template to have a Cousins I-band magnitude equal to the HST-normalized
SDSS spectrum. We used the Cousins I synthetic magnitude for scaling the model to
the SDSS spectrum because the AGN template does not span the complete wavelength
range of the I814 filter, and the Cousins I filter is devoid of strong spectral features that
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Figure 4.13: The optical SDSS spectrum (black) of Coma galaxy 77 scaled to the observed
HST/ACS g475 magnitude of the nuclear point source. The colored lines show the mixed
AGN and elliptical galaxy template spectra, scaled to have the same Cousins I-band
magnitude of the SDSS spectrum, for comparison. The inset shows the same spectra
zoomed in on the 3800–4800 A˚ range. We find that the 20% AGN template best fits
the observed continuum at   . 5000 A˚, but conservatively estimate a range for the
AGN/bulge ratio of 10–30%.
may skew our results. We plot the resulting spectra, with <50% AGN/bulge ratio in
10% increments, on top of the SDSS spectrum in Figure 4.13.
The AGN template from Vanden Berk et al. (2001) contains many, primarily lumi-
nous, Type 1 AGN (i.e., quasars), therefore we do not necessarily expect the template
emission lines to match well the observed weak emission lines in the SDSS spectrum even
after diluting the AGN with an elliptical galaxy template. Thus, we use the continuum
emission to qualitatively assess the match between the template and observed spectra.
As the AGN+elliptical templates were scaled to have the same Cousins I magnitude as
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Figure 4.14: Color-magnitude diagram (g475 vs. g475 I814) of the detected optical sources
within 1000 of the centroid position of the X-ray source associated with Coma galaxy 77.
The filled black circles represent the HST/ACS measurements (with the galaxy nucleus
labeled for reference), the green circle shows the Coma galaxy nucleus using a 300 aperture
to match the SDSS tiber for reference, the blue star shows the position of an unobscured
AGN based on the AGN composite of Vanden Berk et al. (2001) scaled using the relation
between monochromatic 2 keV X-ray and 2500 A˚ UV luminosity Ste↵en et al. (2006), and
the red star shows the position the same AGN composite if we assume an AGN/bulge
ratio of 20% (with the errors show a range of 10–30%, which are smaller than the symbol
in the figure). While significantly bluer than the HST/ACS measurement of the nucleus,
both the SDSS spectrum and the template spectra used in our determination of the
AGN properties do not completely span the I814-band, and thus the colors of the AGN
represent a lower-limit because we are not including all of the I814 light. Additionally,
the HST photometry is contaminated by starlight in the bulge of the galaxy, which when
properly accounted for would move the nuclear source to the approximate position of
the red star-shaped point on the CMD. Given the simplicity of the assumptions made in
our calculations, and the di culty in matching data of a variable source from di↵erent
epochs, we consider the two methods of the AGN brightness determination to be in
su cient agreement, and find that the AGN represents the primary source of the X-ray
emission in this galaxy.
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the SDSS spectrum, we focus on the blue (  . 5000 A˚) portion of the spectrum to assess
the quality of the match between the mixed templates and observed spectrum. We find
that a 20% AGN/bulge ratio best fits the continuum, but conservatively estimate a range
of 10–30% from the templates that best bracket the near-UV flux. Such a weak AGN
component is consistent with the weak H↵ broad emission line we found previously. In-
deed, despite our previous concerns about the emission line features in the Type 1 AGN
template, an AGN/bulge ratio of 10–30% also brackets well the [N ii]+H↵ line complex
and the [O iii] lines. We then used synphot to calculate a synthetic magnitude for the
AGN template in the g475 filter of 20.75
+0.75
 0.44 magnitudes in the STmag system. The
quoted value is determined from a 20% AGN/bulge ratio and the uncertainties reflect
the 10–30% range that we have estimated. Comparison with the AGN magnitude deter-
mined from scaling the AGN template using the 2 keV monochromatic luminosity and
the relation from Ste↵en et al. (2006) now gives a magnitude di↵erence in the g475-band
of 1.55+2.67 2.62 magnitudes in the STmag system, which is in much better agreement than
when we compared the AGN scaled by the Ste↵en et al. (2006) relation to the HST/ACS
photometry. We show the position of the AGN component on the g475 vs. g475   I814
CMD using the two independent scaling methods, as well as the HST/ACS optical point
source photometry, in Figure 4.14. If we instead subtract the elliptical galaxy template
from the HST-scaled SDSS spectrum, such that the elliptical galaxy is 80% of the to-
tal flux in the Cousins I-band, we obtain an AGN magnitude of g475 = 20.70
+0.30
 0.24 mag
in the STmag system (where again the uncertainties show the range of 10–30% in the
AGN/bulge ratio), which is in agreement with our result based on the composite AGN
spectrum of Vanden Berk et al. (2001).
Finally, we rule out the possibility of other sources strongly contaminating the X-ray
emission from Coma galaxy 77 as this would widen the gap between the two independent
estimates of the AGN magnitude in the g475-band. However, to be sure, we checked the
LX,2 10 keV  L[O iii] 5007 relation, which links two independent measures of the accretion
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power of AGNs. The X-ray emission originates close to the black hole, and is therefore
a useful tool to estimate the accretion power. In contrast, the source of the forbidden
narrow-lines in the optical (e.g., [O iii]), while powered by photoionization from the
accretion disk, is much farther from the accretion disk in the narrow-line region, and is
therefore less sensitive to short-timescale variations in the accretion rate. The [O iii] line
in particular is another useful tool to measure the accretion power of AGNs, because,
despite its origin far from the supermassive black hole, it is an easily accessible line in the
optical and it has a relatively high ionization compared to other optical lines. Except in
cases of extremely high SFRs, we do not expect much contribution to the [O iii] line from
the AGN host galaxy relative to the total line flux. Indeed, this galaxy has a UV+IR
SFR of 0.9 M  yr 1 if we assume that all of the UV and IR emission comes from star
formation. As some amount of the UV, and potentially the IR as well, comes from the
AGN, this should be considered an upper-limit on the SFR, and thus we expect very little
[O iii] emission from the host galaxy. Georgantopoulos & Akylas (2010) use a sample
of 28 Type 1 Seyfert nuclei from Ho et al. (1995) and Heckman et al. (2005) to test the
relation between the 2–10 keV X-ray luminosity and the luminosity of the [O iii] line at
5007 A˚ in the rest-frame. The authors find a best-fit relation of:
log10(LX,2 10 keV) = (0.84± 0.09) log10(L[O iii] 5007) + (8.27± 3.87). (4.8)
We checked the SDSS spectrum to ensure that the automated fitting algorithm of the
MPA/JHU SDSS DR7 catalog produced an accurate estimate of the [O iii] line flux
(see our previous discussion of the H↵ and [N ii] lines), and we are satisfied that the
measurement from the catalog is correct. At the distance of the Coma cluster, the
observed [O iii] line luminosity from the SDSS spectrum is log10(L[O iii] 5007) = 39.14 ±
0.04 erg s 1. Using Equation 4.8 and our value of log10(LX,2 10 keV) = 41.16 erg s
 1
(which we remind the reader is the weighted average of the two XMM epochs), we estimate
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the value of L[O iii] 5007 we expect if all of the X-ray emission is from the AGN to be
log10(L[O iii] 5007) = 39.15 erg s
 1. As this is in nearly exact agreement with the SDSS
observation, we attribute all of the X-ray emission from the source to accretion onto a
super massive black hole.
The AGN magnitudes that we have independently determined from the L2 keV  
L2500 relation and rudimentary optical spectral modelling are nearly identical within the
uncertainties. Our estimate of an AGN/bulge ratio of 10–30% from the SDSS spectrum
slightly over predicts the AGN magnitude compared to the relation between the X-ray
and UV luminosities for unobscured AGN from Ste↵en et al. (2006). We also used the
X-ray luminosity to estimate the luminosity of the [O iii] line at 5007 A˚ in the rest-frame,
and find that the estimate agrees with the [O iii] measurement from the SDSS spectrum.
This confirms that the X-ray emission is primarily associated with the AGN.
4.5 Summary and Conclusions
We present a multi-wavelength analysis of galaxies in the Coma infall region, which is
an area of low X-ray surface brightness approximately 1.5 Mpc from the Coma cluster
core, using XMM, GALEX, SDSS, HST, Spitzer, and VLA data. The XMM data we
present for the first time and represent a major increase in sensitivity and coverage of
any available X-ray map of the Coma infall region. We characterize the AGN fraction of
248 galaxies in the Coma cluster infall region from the Hammer et al. (2012) catalog, and
analyze the X-ray emission in a subset of 168 of those galaxies that have deep Spitzer
IRAC photometry for stellar mass determination.
Our group has determined that there is a similar galaxy transformation happening in
this infall region of the Coma cluster and in the comparable high-density environment of
compact groups. As the compact group sample of Walker et al. (2012) represents dense
environments similar to the Coma infall region, particularly with respect to the galaxy
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mid-IR color distribution, we compare the AGN fractions and X-ray properties of the
Coma infall and compact group galaxies throughout our work. Our primary results can
be summarized as follows:
1. For all 168 galaxies with deep Spitzer IRAC photometry, we present star formation
rates and stellar masses usingGALEX FUV, SpitzerMIPS 24 µm, and Spitzer IRAC
3.6 and 4.5 µm data. Of these, 86 are su ciently massive (Mr <  17.5 mag) that
we can place constraints on their X-ray emission using the XMM data. We find
that 31 of the galaxies are blue-cloud, star-forming galaxies, and the remaining 55
are red-sequence, quiescent galaxies.
2. Using multi-wavelength tests incorporating X-ray luminosities, optical emission-
line ratios, mid-infrared colors, and the ratio of the radio-to-infrared emission, we
identify 7 AGNs in the infall region. While 4 out of 7 AGNs were found from
their optical emission-line ratios, the remaining 3 AGNs were each classified by
other methods illustrating the importance of multi-wavelength observations in the
identification of these systems. We estimate a total AGN fraction of 0.08+0.07 0.04 for
relatively bright galaxies (see Section 4.4.1). The total AGN fraction of the Coma
infall region is lower than the previous value of 0.25 measured across the infall region
by Mahajan et al. (2010) using only optical emission-line diagnostics, though their
value includes LINERs which we have excluded from our AGN fraction.
3. We detect 12 galaxies (7 star-forming, 5 quiescent) in the XMM observations of
the Coma infall region with X-ray emission > 3-  above the background. The
lack of any luminous (LX > 1042 erg s 1), hard X-ray sources in the infall region
indicates that there are no strong X-ray AGNs in this region. This is consistent
with recent work by Martini et al. (2013) and Tzanavaris et al. (2014) examining
the abundance of X-ray AGNs in other galaxy clusters and the compact group
environment (0.05 ± 0.02 and 0.08+0.35 0.01, respectively). One X-ray source has a
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luminosity (LX & 1041 erg s 1) suggestive of an AGN, and we use this one source
to estimate an upper-limit X-ray AGN fraction of < 0.09 for the Coma infall region.
4. For the 59 relatively bright galaxies in the Coma infall region that have optical
emission-line measurements, we estimate an optical AGN fraction (i.e., AGNs that
are identified by their optical emission-line ratios) of 0.09+0.09 0.05, which is similar to
the value observed in compact groups.
5. We find that, within the uncertainties, the Coma infall galaxies mostly agree with
the relationships between X-ray luminosity, SFR, and stellar mass observed in
other environments by Lehmer et al. (2010) for star-forming galaxies and Boroson
et al. (2011) for LMXBs in quiescent systems. We also attempted to stack the
X-ray-undetected Coma infall galaxies, and in all but one case find upper-limits in
the X-ray luminosities consistent with the scaling relations with SFR and stellar
mass. The remaining stacking experiment yielded a statistically significant (> 3- )
detection that agreed with the scaling relation from Boroson et al. (2011).
6. To a lesser extent, the compact group galaxies also agree with these observed X-
ray scaling relations with star formation rate and stellar mass. Several of the
star-forming compact group galaxies have X-ray luminosities in excess of what is
expected from the Lehmer et al. (2010) relation between X-ray luminosity, SFR,
and stellar mass, though we cannot determine if the low-metallicity hypothesis of
Fragos et al. (2013) and Basu-Zych et al. (2013) can correctly account for this X-
ray excess. Many additional metallicity measurements of compact group galaxies
are required to fully explore the e↵ect of metallicity on galaxy X-ray emission.
Additionally, better constraints on the X-ray luminosities of Coma members, with
corresponding metallicity measurements, would allow a study of the same e↵ect in
the Coma infall environment, which is not possible with the existing data.
7. We hypothesize that, instead of (or perhaps in addition to) the metallicity de-
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pendence on the X-ray emission from normal galaxies, the unique star formation
histories of the Coma infall and CG environments may be responsible for the X-ray
excess. Galaxies in these environments experience numerous multi-galaxy interac-
tions, sometimes over prolonged timescales, which can significantly a↵ect the star
formation history in a way that does not occur in field galaxies.
8. Based on HST/ACS photometry, spectral template fitting of the SDSS spectrum,
and measurements of the [O iii] line luminosity, we conclude that the one X-ray
bright AGN in our Coma infall sample is a Type 1 Seyfert galaxy in which the
observed X-ray emission is entirely from the AGN.
The previous work of Finoguenov et al. (2004) and Hornschemeier et al. (2006) showed
that the X-ray emission in Coma cluster galaxies is suppressed compared to their optical
luminosities. However, we find that the Coma infall galaxies are largely consistent with
the observed relations between X-ray luminosity, SFR, and stellar mass. This indicates
that the contribution of stellar mass and SFR to optical luminosity must be considered
separately. By using multi-wavelength information to deconvolve the physical properties
of galaxies, we find that the Coma cluster galaxies have exactly the X-ray emission
we expect within the uncertainties. This is in contrast to the compact group galaxies,
which often show an excess of X-ray emission for their stellar masses and SFRs. The
precise mechanism that causes the excess X-ray emission in compact group galaxies is
not understood, but further investigation of the metallicities and star formation histories
of Coma infall and CG galaxies will help to clarify this phenomenon.
The uncertainties in our study are often large due to the faint X-ray emission from
galaxies, coupled with the bright background from the Coma intracluster medium. De-
spite the large e↵ective area and field of view of the XMM EPIC instrument, we detect
only 12 out of 168 galaxies (⇠ 7%) in the Coma infall region. We find that the bright
background has limited us to X-ray luminosities of 1038.8 and 1039.2 erg s 1 in the 0.3–
8 and 2–10 keV bands, respectively. Our X-ray luminosity upper-limits for individual
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galaxies are often & 0.5 dex worse due to sensitivity variations across the XMM EPIC
detectors and gradients in the background brightness, therefore we estimate that our
average limit in flux sensitivity is 1039.3 and 1039.7 erg s 1 in the 0.3–8 and 2–10 keV
bands, respectively.
Hornschemeier et al. (2006) found that a 60 ks Chandra observation was able to detect
X-ray sources to a flux limit in the 0.5–2 keV band approximately a factor of two brighter
than ours (assuming our flux limit to be a point source with   = 1.8 and 0.3–8 keV flux
of 10 15.8 erg s 1 cm 2, i.e., 0.5 dex more than the faintest upper-limit in our study) in
a smaller area of the same field that we have examined with XMM. Using a background
estimate fromHornschemeier et al. (2006) and the Portable, Interactive Multi-Mission
Simulator14, we estimate Chandra would require ⇠ 100 ks per pointing (12 pointings are
required to cover the same field of view as our XMM EPIC observations of the Coma infall
region) with ACIS-I to achieve the same sensitivity as our 70–90 ks of XMM observations.
To push the sensitivity a factor of two better than our observations (a factor of four better
than the data used in Hornschemeier et al. 2006), we estimate Chandra exposure times of
⇠ 400 ks. Therefore, we estimate a total Chandra exposure time of 1.2 Ms to match the
coverage and depth of our XMM data, and 4.8 Ms to increase the depth by a factor of
two in limiting flux over the Coma infall region. With current X-ray capabilities, XMM
remains the ideal choice for a wide-area, deep survey of the X-ray emission from individual
galaxies in the Coma infall region. Regardless, it remains technically challenging to study
the X-ray emission from galaxies in the nearby Coma cluster as even with XMM much
deeper exposures are required to detect a significant fraction of the galaxies.
Alternatively, we turn our attention to the planned ATHENA+ X-ray mission, which
is expected to have factors of approximately 10 and 5 improvement in e↵ective area at
E ⇡ 2 and ⇡ 10 keV, respectively, a field of view of ⇡ 400 (for the Wide Field Imager),
and slightly better PSF FWHM ( 500) compared to XMM EPIC15. Such a large increase
14http://cxc.harvard.edu/toolkit/pimms.jsp
15Information about ATHENA+ comes from the project website at http://www.the-athena-x-ray-
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in e↵ective area would allow ATHENA+ to map the same area of the Coma infall region
as our XMM data, but to a factor of two better sensitivity, in approximately 30 ks per
pointing for a total observing time of 90 ks. ATHENA+ and other future X-ray missions
will allow us to probe deeper the X-ray properties of galaxies in environments such as
Coma and to study the X-ray emission from normal galaxies even farther distances.
observatory.eu/.
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Chapter 5
Conclusion
In this thesis, we have explored what information may be gleaned from the high-energy
view of galaxies in dense environments. Specifically, we have studied compact groups
(CGs) of galaxies and the Coma cluster infall region by examining first the di↵use emis-
sion in CGs and secondly the point source population of Coma. In Chapter 1, we dis-
cussed several lingering questions in our understanding of the X-ray properties of dense
systems and their member galaxies. From the work presented in this thesis, we can now
begin to answer those questions.
The hot gas in many CGs from our sample (9 CGs in Chapter 2, and an additional 10
CGs in Chapter 3) appears to be linked to the individual galaxies rather than the group
environment itself. Indeed, it is only in a small number of CGs that we observe truly
group-linked hot gas (e.g., HCGs 42, 51, and 62). Prior to the launch of Chandra, such
an examination of the spatial distribution of hot gas in compact systems was not possible
due to the much larger PSFs of earlier X-ray missions such as ROSAT. When the hot gas
is linked to individual galaxies, it is most often around star-forming galaxies, suggesting
that we are observing hot gas either associated with star formation itself or internal gas
being expelled by a galaxy (e.g., an M82-like superwind, which is also related to star
formation). In the latter two cases, the galaxies are substantially contributing to the
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hot gas observed between the group members. Galaxies HCG 16C and 16D in particular
appear to be expelling hot gas into the intragroup medium via galactic superwinds, and
may be responsible for polluting the intragroup medium of their low-mass group with
hot gas.
Using a sample of 9 CGs observed by Chandra in Chapter 2, we tentatively support
the hypothesis that tidal interactions, which can liberate large amounts of cool gas from
galaxy disks, are important in the development of the hot intragroup medium. Tidal
interactions surely provide some quantity of gas to fuel a hot intragroup medium, and we
find generally that the X-ray luminosity increases as the fraction of H i mass compared
to group dynamical mass decreases, i.e., the cool gas is converted as the CGs becomes
brighter in X-rays. However, the degree to which the tidal interactions in group galaxies
contributes mass to form an X-ray intragroup medium is unclear, and the liberation of
cool gas may play a smaller role in the creation of a hot intragroup medium compared
to other factors such as the virial temperature of the group mass.
Throughout Chapters 2 and 3, we have suggested that LX /MX , i.e., the luminosity
of the X-ray emitting material is proportional to its mass. This has been observed
in galaxy clusters, though it may not be true in low-mass systems — we are unable
to estimate the X-ray emitting mass from the data. Therefore, we cannot accurately
determine the fraction of baryons contained within the hot intragroup medium without
making broad, and potentially bad, assumptions about the gas properties. Though we
cannot calculate the mass of the X-ray emitting gas, we can state that LX / ⇢2, where
⇢ is the density of the X-ray emitting material. However, in Chapter 3, we compared
the X-ray luminosity of the intragroup gas with the total group stellar and H i masses
(which, together with the hot gas, comprise the vast majority of the baryons). We find
that it is only the most massive CGs in terms of their baryonic masses that have bright
(LX,bol & 1042 erg s 1) X-ray emission associated with an intragroup medium. The low-
mass CGs are often undetected in X-rays or exhibit only galaxy-linked emission, and thus
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have low average densities of hot gas. If we assume that the volume that the hot gas
occupies is approximately similar across CGs (a broad and potentially bad assumption),
then the CGs with high baryonic masses also have the most mass in hot gas.
One of the enduring mysteries of CGs is the cause of the rapid evolution of their
constituent galaxies observed in the mid-infrared by Johnson et al. (2007) and Walker
et al. (2010, 2012). As galaxies enter the high-density environment of clusters, one
of the most important mechanisms that a↵ects their evolution is gas stripping. The
rapid removal of a galaxy’s cold gas reservoir truncates star formation and prevents
subsequent star formation at any appreciable rate. We remind the reader that ram-
pressure is described mathematically as
P = ⇢v2gal, (5.1)
where P is the pressure exerted on the galaxy, ⇢ is the density of the hot gas between
galaxies and vgal is velocity of a galaxy relative to the gaseous medium that is acting upon
it. From our examination of the hot, di↵use gas that fills the space between galaxies in
CGs in Chapters 2 and 3, we find that only some of these systems are pervaded by X-ray
luminous gas. Indeed, it is only the massive groups with the hottest X-ray temperatures
that are most in agreement with the LX   T and LX     scaling relations observed in
galaxy clusters. As stated above, we cannot calculate the mass of the X-ray emitting hot
gas in CGs, though we can state that LX / ⇢2. Therefore, we know that the low-mass
groups that do not agree well with the cluster scaling relations, and thus represent non-
virialized systems of galaxies, have low-density hot gas in their intragroup media. From
its dependence on the gas density, we can eliminate ram-pressure stripping from a hot
intragroup medium as a strong mechanism at work in CGs based on the gas that has
been detected thus far. Other mechanisms, such as galaxy harassment, must then be the
cause of rapid galaxy evolution in the CG environment.
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We have also measured the X-ray emission of galaxies in the infall region of the Coma
cluster and compared that emission to properties of the galaxies themselves (i.e., stellar
mass and star formation rate). The X-ray emission from galaxies is dominated by the
accretion of matter onto compact objects from gravitationally bound stellar donors (X-
ray binaries) inside galaxies, while hot gas and accreting supermassive black holes may
also contribute to the total X-ray luminosity. As discussed in Chapter 4, Walker et al.
(2012) found that galaxies in the Coma cluster infall region show a similar gap in mid-
IR colorspace suggestive of rapid evolution. Our primary goal was to determine if the
X-ray emission from the galaxies in the cluster infall region was similar to or di↵erent
from compact group galaxies as well as other samples. Based on our results presented
in Chapter 4, the Coma cluster infall galaxies have X-ray luminosities consistent with
known scaling relations from the literature. However, we find that the CG galaxies have a
large scatter in their X-ray luminosities, and often show excess X-ray emission compared
to the expected values from scaling relations. We also compared the X-ray emission of
the Coma and CG galaxy samples with the Lyman Break Analog (LBA) galaxies from
Basu-Zych et al. (2013), which are low-mass galaxies with relatively high SFRs. The
authors found that the LBAs also show an X-ray excess compared to the expected values
for their SFRs and stellar masses. We find that several CG galaxies are very similar to
the LBAs with respect to their X-ray luminosities, SFRs, and stellar masses. Basu-Zych
et al. (2013) hypothesized, based on work by Fragos et al. (2013), that the low-metallicity
gas in LBAs may preferentially create X-ray binaries in which the compact object is a
black hole. Fragos et al. (2013) find that such a population of X-ray binaries in a host
galaxy would manifest as a higher X-ray luminosity per unit SFR. Unfortunately, we do
not have the metallicity data necessary to explore this e↵ect in a statistically significant
sample of Coma infall and CG galaxies.
Our other goal was to study the fraction of active galaxies in the Coma infall region
compared to higher redshift galaxy clusters and the CGs sample, as this may be influenced
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by gravitational encounters between galaxies causing gas to lose angular momentum and
fall into the galaxy nuclei thereby triggering nuclear activity. Though di cult to quantify
and compare to other samples, we find in Chapter 4 that the true AGN fraction in the
Coma infall region is substantially lower than previously reported when removing poten-
tial contamination from LINERs. To identify AGNs, we combined various classification
techniques from the X-ray, optical, infrared, and radio domains to ensure as complete a
census of nuclear activity as possible. We find that the total AGN fraction (0.08+0.07 0.04), as
well as the AGN fraction for systems identified by optical emission-line ratios (0.09+0.09 0.05),
is similar to values found for CGs in the literature. Out of all 7 AGNs we found in the
Coma infall region, only one has substantial X-ray emission that we have linked to the
AGN itself, rather than the host galaxy. We further investigate its optical properties and
find that it is a low-luminosity broad-line AGN. Work by Martini et al. (2013) showed
that the fraction of X-ray bright AGNs decreases with decreasing redshift (i.e., there are
fewer X-ray bright AGNs today than in the past), therefore this one X-ray AGN in the
infall region of Coma is both expected and observed to be rare.
An X-ray examination of dense galaxy environments with the modern Chandra X-ray
Observatory and XMM-Newton facilities has been long overdue. Though there is still
much work to be done in the field, we have endeavoured to use these tools to better
understand how dense environments may a↵ect the galaxies that reside in them. There
still remain more analyses that may be done with these data, such as studies of the
individual X-ray point sources in CG galaxies with the high spatial resolution of Chandra,
and the low surface brightness di↵use X-ray emission potentially observable with XMM.
In the future, there will be new X-ray missions, e.g., ATHENA+, that may be used to
study in even more detail the questions that we have explored in this work, and which
may potentially raise new questions in our quest to understand the evolution of galaxies.
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Appendix A
Notes on Individual Groups from
Chapter 2
In addition to the unique aspects of the X-ray analysis and properties of the di↵use
emission, we also list the center RA and Dec, shape, and dimensions of the extraction
region for each group.
HCG 7.—Di↵use emission in this group was not detected above the background
in the Chandra data. The circular extraction region with radius 3.09 was centered at
RA = 00h39m23s.9 and Dec = +00  520 15 400.
HCG 16.—The shallow observation of this group prevented detection of a true in-
tragroup medium (i.e., the LX = 2.4 ⇥ 1040 erg s 1 IGM, corrected to our cosmology,
found by Belsole et al. 2003 with 45 ks of XMM data); however, hot gas associated with
the individual galaxy members was detected. The extracted spectrum corresponds to
the area surrounding galaxies A, B, C, and D, but does not include galaxy X, which is
far removed from the group center and located far from the S3 aimpoint of the observa-
tion. The rectangular 7.02⇥3.07 extraction region was centered at RA = 02h09m33s.0 and
Dec = –10  090 05 800 with PA = 36 .
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HCG 22.—Di↵use emission in this group was not detected above the background in
the Chandra data. The rectangular 6.05⇥6.09 extraction region was centered at RA =
03h03m30s.1 and Dec = –15  390 27 300 with PA = 22 . We note that this region includes
a background pair of galaxies to the southeast of the main group members, however any
emission from this pair is negligible and does not adversely e↵ect the upper limit on the
X-ray luminosity of HCG 22.
HCG 31.—The S/N of the detection is only marginally above the threshold required
for a detection (S/N= 3), and therefore the properties of the hot gas in this system are
poorly constrained. However, this is the first detection of di↵use X-ray emission in this
group. The extraction region covers the massive group members and the southern tidal
tail where the majority of star formation is occurring within the group (Gallagher et al.
2010). Based on the reservoir of H i gas in the group, Gallagher et al. (2010) predicted
that conversion of 75% of the neutral gas into stellar mass over a 150 Myr episode of star
formation would generate ⇠2⇥1039 erg s 1 of X-ray emission, however this is an order
of magnitude below the observed value of LX from the Chandra data. The elliptical
2.01⇥1.03 extraction region was centered at RA = 05h01m39s.7 and Dec = –04  160 15 800
with PA = 44 .
HCG 42.—We extracted spectra from both the region around galaxy A, where the
di↵use X-ray emission is most readily apparent, and from a region containing all of
the massive group members. However, the count rates obtained from both extraction
regions were consistent within errors. Therefore, we find that the majority of the X-ray
emission in the system is associated with galaxy A. To ensure that we do not exclude
any extended emission, we compare our value with that derived from ROSAT PSPC
data using the extended radius of the X-ray emission from Mulchaey & Zabludo↵ (1998).
This radius corresponds to the distance at which the X-ray emission falls to 20% of its
peak value; in HCG 42, this radius is 80. Comparison with the flux extracted from the
ROSAT data shows that our value of the flux within our extraction region matches that
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obtained with an 80 radius. The circular extraction region with radius 3.04 was centered
at RA = 10h00m21s.0 and Dec = –19  380 48 500.
HCG 59.—As for HCG 31, the X-ray emission from this group is extremely weak;
however, the S/N is su cient to classify this group as a detection. Due to the low
S/N, the values derived from model fits to the extracted spectra are poorly constrained.
Though it is unlikely that the value of the temperature could span two orders of magni-
tude (as indicated by the upper 90% confidence error estimate), we include this error in
subsequent figures for consistency. The 3.09⇥20 elliptical extraction region was centered
at RA = 11h48m26s.5 and Dec = 12  430 10 200 with PA = 0.3 .
HCG 62.—Previous work has found that there are cavities in the X-ray emission
around HCG 62 (the result of AGN jets and lobes due to the Seyfert 2 nucleus in galaxy A)
that lack high frequency radio emission, but do have powerful low frequency emission
(Dong et al. 2010; Gitti et al. 2010; Giacintucci et al. 2011; O’Sullivan et al. 2011). The
extraction region does not include galaxy D, which is far to the south with respect to
the other group members, and has negligible X-ray emission. During model fitting, we
found that a model with a single MEKAL component was insu cient to properly fit the
observed spectrum, therefore we model this group with two separate plasmas. We note
that Mulchaey & Zabludo↵ (1998) found that the di↵use emission extends much farther
from the group center than is evident in the Chandra data, and well beyond the FOV
of the ACIS CCDs. Using the extended X-ray emission radius of 24.02 from Mulchaey &
Zabludo↵ (1998), we found that our measured absorbed flux was a factor of 3.1 lower
than that found from the ROSAT PSPC data and thus correct our measurements by
this amount. Note that we apply this correction to both components of the emission in
addition to the total luminosity, therefore the luminosities of the hot and cold component
should be considered upper limits. In Figure 2.3, we separately plot both the cooler
and hotter components. The circular extraction region with radius 1.05 was centered at
RA = 12h53m06s.0 and Dec = –09  120 11 600.
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HCG 90.—The spectral extraction region for this group is centered on galaxies B,
C, and D that are currently interacting with one another and are embedded within
a halo of di↵use optical light (White et al. 2003). The region excludes the brightest
member (90A), which is located ⇠6.09 (68 kpc) from the other three massive, interacting
group members and contains a powerful Seyfert 2 nucleus. This bright AGN complicates
analysis of the di↵use emission with bright readout streaks and substantial pileup on the
I3 CCD. The 5.03⇥4.01 elliptical extraction region was centered at RA = 22h02m04s.5 and
Dec = –31  580 51 900 with PA = 100 .
HCG 92.—The known primary source of heating for the hot gas is a shock front caused
by the high velocity intruder galaxy NGC 7318B as it moves at ⇠850 km s 1 through
the intragroup medium (Pietsch et al. 1997). Numerous interactions have occurred in
the group in the past ⇠500 Myr leading to tidal tails and debris (e.g., Fedotov et al.
2011; Hwang et al. 2012). These frequent interactions in the group likely caused gas
to be stripped from the member galaxies and be deposited into the intragroup medium
(Moles et al. 1997; Guillard et al. 2012). We note that the presence of the shock in
the intragroup medium could have non-thermal X-ray emission that is not included in
the MEKAL model fit. The circular extraction region with radius 2.05 was centered at
RA = 22h35m59s.5 and Dec = 33  580 03 200.
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